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FOREWORD 


By 1952, it was apparent to many workers in the field that the inven- 
tion of the transistor had stimulated the growth of an important new 
branch of electronics—transistor technology. Because of the keen in- 
terest of the defense agencies and at their request, Bell Telephone Lab- 
oratories and the Western Electric Company conducted a symposium on 
transistor technology in April of that year. The essential material of 
this symposium was printed in a pair of classified volumes and dis- 
tributed to those who attended the symposium and to other authorized 
agencies and personnel. 

The resulting texts attempted to present a state-of-the-art report on 
materials, structures, and fabrication techniques through the pilot-line 
phase. At that time, it was not possible to give all-inclusive details on 
all procedures; rather the treatment stressed the fundamental principles 
involved and provided illustrations by selected current examples. It 
was hoped that such a treatment would be helpful to those entering the 
field, and further, that through the combined efforts of all participants 
transistor technology would advance more rapidly to the benefit of our 
national security and economy. 

Since that time material of the nature covered in the early volumes 
has been declassified. Moreover, new structures and processes of high 
promise have developed at an almost breath-taking rate as a result of 
the combined efforts of the many competent workers in the whole field. 
In the continuing belief that rapid dissemination of new technical knowl- 
edge will still further accelerate the growth of transistor technology, 
these new volumes are being published. The fundamental principles out- 
lined several years ago have demonstrated their soundness, and this evi- 
dence of their validity warrants their publication. Volume I of Tran- 
sistor Technology remains the basic framework as originally compiled 
but brought up to date by the inclusion of new knowledge. Volumes II 
and III provide additional modern developments in materials, structures 
and techniques to further illustrate the basic principles. Some of the 
important advances made by members of other organizations have been 
kindly contributed and appear in the Supplements along with the work 
of our own staff, We trust that we have duly acknowledged through 
appropriate references in the text the contributions made by all. 

Tt is our earnest hope that this new material compiled in one place will 
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be helpful to all workers in the field in their cooperative advance of the 
art. It is particularly hoped that it will be useful to university people 
who are desirous of increasing the number of scientists and engineers 
trained in this important and rapidly expanding branch of applied solid- 
state science. 
J. A. Morton 
Director of Device Development 


December 1957 Bell Telephone Laboratories 
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PREFACE 


In Transistor Technology, Volumes II and III, approximately half the 
material is of a general nature with the remaining part about equally 
divided between information specific to germanium and silicon. Both 
volumes depend on Volume I of this three-volume work for the develop- 
ment of the fundamental concepts of transistors and for descriptions of 
the earlier techniques and processes. 

Volume II is in two divisions: the technology of materials with special 
emphasis on silicon, and principles of transistor design. The information 
on single crystal semiconductor materials was chosen from the extensive 
literature in this area to suit the needs of the technologist. The princi- 
ples of device design proceed from considerations of diodes, through 
triodes to the more complex multiple junction switching devices and 
tetrodes. Chapters on radiation sensitive devices and field effect devices. 
follow, as well as one paper on noise behavior. The second volume con- 
cludes with the important topic of the design implications of surface 
phenomena. 

Volume III is in four divisions, covering the preparation of junction 
structures, fabrication technology, measurements and characterizations, 
and reliability. The part on the preparation of junctions deals with 
principles of the techniques with specific information as examples. The 
fabrication technology part deals with the many chemical processes in- 
cluding etching, photoengraving techniques and procedures for making 
contacts. The alloying and diffusion fabrication technologies are cov- 
ered in principle and by representative specific device information. 
Next is found information on measurement and characterization and the 
volume concludes with discussions on laboratory and field use reliability. 

Each of the divisions has an editorial introduction to provide continu- 
ity and background for its organization. The multicomponent chapters 
also have editorial introductions which are of a more detailed nature, 
but have a similar aim. 

These two volumes of Transistor Technology have been made possible 
only by the cooperative efforts of many contributors, not only from the 
Bell Telephone Laboratories, but also from many other workers in the 
field. We are indebted to the I.R.E., A.I.M.M.E. and The Electrochem- 
ical Society who kindly permitted us to republish papers which originally 
appeared in their journals, Each paper bears a notation of the original 
source, a8 well as the names of the authors, 
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The editor would like to give credit for the efforts of J. N. Shive, J. H. 
Scaff and H. E. Bridgers who arranged the early format for these volumes 
and particularly for the assistance of J. M. Early who helped with the 
format and who contributed many of the introductory statements. 
C. Pologe, K. M. Collins and A. R. Thompson provided the publication 
staff effort. Finally, credit is given to J. A. Morton who conceived the 
need for these volumes. 

F. J. Bronpr 
June 1968 Editor 
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JUNCTION STRUCTURES 





INTRODUCTION TO PREPARATION OF 
JUNCTION STRUCTURES 


This part opens with a basic treatment of the fundamentals of the 
control of donors and acceptors in silicon and germanium by the liquid 
freezing and diffusion processes. Following are papers giving general and 
specific information on the formation of junctions by the variation of 
crystal growth rate and on the redistribution of solutes by the formation 
and solidification of a molten zone to produce graded junctions. 

A paper on temperature-gradient zone melting is included, not only for 
its applicability in producing junctions, but also for its potential useful- 
ness as a general solute controlling technique, and as a technique for 
joining materials, and measuring diffusivity in liquids. 

This part concludes with two papers on the diffusion technique for 
introducing junctions. These papers are of a basic nature, the first on 
the principles, and the second on the technology. Employment of diffu- 
sion methods to produce specific devices is contained in Chapter 8. The 
concluding two papers were designed for this text, since regretfully little 
comprehensive treatment of the diffusion technique was available in 
published form as time finalized our format. 













c. D. THURMOND 


Chapter I 


IMPURITY CONTROL AND JUNCTION 
FORMATION IN SILICON AND 
GERMANIUM* 


A wide variety of techniques have been used to control the distribution 
of donors and acceptors in crystals of silicon and germanium. It has been 
possible to classify these techniques in terms of the fundamental processes 
which are exploited. These are freezing processes and diffusion processes. 

Liquid-phase freezing processes are most frequently used and therefore 
receive the greater attention here. The diffusion of an impurity into a 
crystal from a liquid phase, a vapor phase, or another solid phase is also 
considered. In addition, homogeneous solid phase reactions which may 
influence the distribution of impurities in a semiconductor crystal are 
briefly mentioned. 


| INTRODUCTION 


The electrical properties of silicon and germanium crystals are dras- 
tivally altered by the addition of small amounts of certain chemical ele- 
ments called acceptors and donors. Certain distributions of these impuri- 
(ies produce rectifying p-n junctions within the crystal, the electrical 
characteristics of which are determined by the details of the particular 
impurity distributions. The control of the geometrical relationship be- 
(ween p-n junctions within a crystal, as well as the control of the par- 
(ioular impurity distributions of the p-n junctions, permits the control 
of transistor characteristics. Many different methods are used to add 
impurities to crystals of silicon and germanium, most of which have been 
reviewed by Dunlap (Ref. 1). It is the purpose of the present paper, 
however, to review these techniques of impurity control in such a way that 
their fundamental features will be emphasized, and thereby the relation- 
ships between the various methods clarified. 

‘The fundamental processes to which reference has just been made are 
(hove associated with phases at equilibrium, phases at partial equilibrium, 


and phases approaching equilibrium, This emphasis on phases at equi- 


©The author wishes to acknowledge helpful discussions with W, G, Pfann, 
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librium requires that a brief description be made of the limitations im- 
posed on a system composed of, variously, a liquid phase, a vapor phase, 
or another solid phase in contact with the erystal phase. Consequently, 
the discussion will be divided into three parts, of which the first, which 
will describe the properties of a liquid and solid phase in contact with 
each other, will be the longest, since most of the current techniques of im- 
purity control make use of the liquid phase. 

Processes which occur within a homogeneous phase are also of impor- 
tance in controlling the distribution of impurities within a crystal. Solid 
phase diffusion is the most important of these processes, although impurity 
interactions, some of which are dependent upon the unique properties of 
donors and acceptors, may also occur. Additional comments referring 
to such homogeneous solid phase interactions will be made in the last 
section. 


2 LIQUID AND SOLID PHASES PRESENT 


2.1 Equiuisrium. The conditions of temperature and composition 
under which a liquid phase containing a particular impurity may be in 
equilibrium with a solid phase of nearly pure germanium or silicon are 
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Fig. 1 A schematic temperature-atom fraction phase diagram. 


given by the equilibrium phase diagram. A schematic binary phase dia- 
gram is shown in Fig. 1. This illustrates most of the important features 
of the phase diagrams of many of the acceptor elements of Group ITI, 
and many of the donor elements of Group V of the Periodic System of the 


Elements, with germanium or with silicon, One of the characteristic fea-. 


tures of these phase diagrams, as shown in Fig, 1, is the rather long 
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liquidus curve giving the composition of liquids saturated with germanium 
or silicon. The other feature of importance is the solidus curve which, 
for illustrative purposes, has been drawn to show much larger composi- 
tions of donor or acceptor in the saturated solid solutions than are experi- 
mentally observed. 

In the temperature and composition region of the phase diagrams near 
(he melting points of germanium or silicon, it can be shown that the 
liquidus and solidus curves must approach a limiting slope at the melting 
point, This means that, in sufficiently dilute solutions, the liquidus and 
solidus curves will be straight lines which intersect at the melting point. 
When the solid solubility is small enough, the limiting slope of the liquidus 
curve will be independent of the position of the solidus curve. Further- 
more, if the impurity mixes atomically with germanium and silicon in 
the molten phase, the limiting slope will have the value 


Rt," 
AH 


A 





(1) 


where R is the gas law constant [1.987 cals deg—1/gm-atom], 7’, is the 
melting point of germanium [1211°K] (Ref. 2, 3) or silicon [1685°K] 
(lef. 4), and AH is the heat of fusion of germanium [8100 cals/gm-atom] 
|ef, 2] or silicon [12,095 cals/gm-atom] (Ref. 4) Thus, the freezing 
point lowering constant for germanium, Age, is 360 degrees per atom frac- 
tion and for silicon, Agi, is 466 degrees per atom fraction. It follows, then, 
(hut under these conditions, the equation for the liquidus curve will be 


AT = Azz, (2) 


where AT’ is the difference in temperature, T,, — 7, and zx, is the atom 
fraction of impurity in the liquid phase. 

Iquation (2) is modified in a very simple way to account for solid 
solubility by using the distribution coefficient defined in the following 
equation: 

Xs 
ate et (3) 
XL 
I can be shown that the equation for the liquidus curve will now be 
(Ref, 5) 
AT = (1 — k)Azy. (4) 

Since a p-n junction requires both a donor and an acceptor to be pres- 

ont, it is necessary to consider the properties of liquid-solid equilibria in 


ternary systems. In the dilute solution region the liquid and solidus sur- 
{noes will be planes, and the equation for the liquidus plane will be 


AT = A[(1 — kp)ap + (1 — ka)aal), (5) 


where ky and ky are the distribution coefficients of the donor and acceptor 


in the binary dilute solution region and wp and a, are the atom fractions 
of the donor and acceptor in the saturated ternary liquid phase, | 
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It can be seen that the dilute solution distribution coefficients can be 
used to give considerable information about the phase diagrams. In addi- 
tion, these distribution coefficients will be used extensively in the descrip- 
tion of the non-equilibrium processes used to control impurities and form 
p-n junctions in silicon and germanium. 

The distribution coefficients of a number of elements in silicon and 
germanium near their melting points have been summarized by Burton 
(Ref. 6). Most of these distribution coefficients are given in Table 1. 


TABLE 1 DISTRIBUTION COEFFICIENTS 


Element Ge St 
B 17/4 9 
Al .10 > .004 
Ga -10 01 
In .001 .0005 
Tl .00004 — 
P EZ .35 
As .04 3 
Sb .003 .04 
Bi .00004 ~- 
Sn .02 .02 
Cu .000015 .0004 
Ag .0001 _- 
Au .00003 .00003 


® H. E. Bridgers and E. D. Kolb, J. Chem. Phys., Vol. 25 (1956), p. 648. 


It should be noted that, in every case, these coefficients were obtained 
without any previous knowledge of the phase diagram, but by direct 
measurements of solid and liquid compositions during crystal growth. It 
should also be pointed out that the measured distribution coefficients given 
by Burton are concentration ratios, 


k, = c. (6) 


not atom fraction ratios. In dilute solutions, the two distribution coeffi- 
cients are related by 


k, = # k, (7) 
PL 


where the p’s are the densities of the two phases. Since the accuracy of 
the measured k,’s is probably not greater than 20 per cent at the best, the 
distinction between k, and k is frequently not important. 

The complete liquidus curves of many of the elements of interest are 
known and have been summarized (Ref. 7, 8). The complete or nearly 


complete solidus curves of a number of elements in germanium and in. 


silicon (Ref, 11 to 25) have been determined, 
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Donors and acceptors may be introduced into germanium and silicon 
crystals from a liquid phase in two ways: by ‘freezing and by diffusion. 
‘The freezing techniques have received the greatest application up to the 
present of all of the methods which are used to form p-n junctions and 
consequently will receive the most attention here. 


2.2 EQuitipriuM Frerezine. In a sense, the name equilibrium freezing 
is self-contradictory in that freezing is a non-equilibrium process. How- 
ever, it may be defined as solidification from a liquid phase with the 
compositions of the liquid and solid phases given by the equilibrium phase 
diagram at all temperatures. Since the compositions of the solid and 
liquid phases are not the same in general, it may be said that segregation 
ocours during equilibrium freezing. The word segregation is used here to 
describe the unequal distribution of components between phases. In this 
sense, segregation occurs during equilibrium freezing even though the 
composition of the solid is uniform. Important examples of non-equi- 
librium segregation, which will be discussed below, result in concentration 
Variations in the frozen solid. The word segregation is frequently used 
to describe these concentration variations, and it is said that impurities 
are segregated toward one end of an ingot or crystal; i.e., segregation is 
(thought of as occurring within the ingot or crystal rather than between 
phases. In the following discussion, segregation will be used frequently 
in the latter sense to refer to the distribution of components within a 
solid phase. 

One of the consequences of equilibrium freezing is that the relative 
amounts of each of the two phases at each temperature may be obtained 
(lirectly from the phase diagram. From the lever law, the relative numbers 
of atoms in the liquid and solid phases, nz/nyg will be related to the over-all 
“omposition, x°, and the composition of the liquid phase and solid phase by 


np 2° — 4g 


A (fll oe Stas (8) 


ngs tL — 2 


If weight fraction were used as the composition variable in the phase 
diagram rather than atom fraction, the relative masses of the two phases 
m/ms would be related to the weight fractions w°, wz, and wg by 


my, _ w? — ws ‘ 
=. (9) 
ms WL — W 


In order to have equilibrium freezing, diffusion must be able to occur 
in the solid and liquid phases rapidly enough compared to the rate of 
solidification to ensure that the compositions of the liquid and solid phases 
ave uniform, This condition is not met in practice very frequently, since 
solid phase diffusion is generally a relatively slow process. However, dif- 
fusion constants in the liquid phase are generally much larger than in 


the solid phase. This condition will produce composition variations in 


the solid, where the first portion to freeze differs from the last to freeze, 
Thin general phenomenon is called coring as well as segregation (Ref, 
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26a), since the core of an ingot, solidified in a mold, will be of a different 
composition from that portion of the ingot which solidified first at the 
walls of the mold. The term normal segregation is also used to refer to 
coring. 


2.3 SimpLe Freezinc. The simplest example of non-equilibrium freez- 
ing differs from equilibrium freezing in only one respect: negligible solid 
phase diffusion occurs. Thus, a freezing process may be defined for 
which equilibrium is maintained between the liquid phase and that por- 


— 
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ATOM FRACTION, X& => 


Fic. 2 A schematic phase diagram showing the average composition of a solid 
solution as a function of temperature during simple freezing. 


tion of the solid phase nearest the advancing liquid-solid interface. Rapid 
liquid phase diffusion is assumed to maintain the liquid at the equilibrium 
composition given by the temperature and the liquidus curve of the phase 
diagram. This simple non-equilibrium freezing process will be called 
simple freezing. 

During simple freezing, segregation occurs between the liquid and solid 
phases, and also within the solid phase. Hayes and Chipman (Ref. 26b) 
have referred to the segregation which occurs within the solid phase under 
these conditions as maximum segregation. However, maximum segrega- 
tion occurs between the phases also. Fig. 2 is a schematic phase diagram 
which illustrates this effect. The average composition of the solid phase, 
Lave, at temperature 7’ will be smaller than the equilibrium composition 
since only the last portion to freeze has that composition. The diffusion 


processes which occur in both the liquid and solid phases, and which are- 


important in practice, i.e, incomplete diffusion in the liquid phase and 
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partial diffusion in the solid phase, will decrease the segregation of com- 
ponents between phases as well as within the solid phase. 

‘The distribution of impurities in the solid phase, characteristic of maxi- 
mum segregation, can be obtained, following Scheil (Ref. 26c)/, from the 
lever law (equation 8) applied to the solidification of Ang gm-atoms 
of solid from a melt of original composition x; when the temperature is 





TEMPERATURE, | ——> 








0 ATOM FRACTION, © —> 
Nia, 8 A schematic phase diagram illustrating the derivation of the simple freez- 
ing equation. 


lowered from 7 to T — AT (see Fig. 3). At T — AT, this leads to the 
relationship 


Ax Ang 
pea wt (10) 
ap + Ar, — tg — Axg NL 
In the limit, this can be written 
da tr — 4, 
Be ei ee (11) 


dng NL 


l'vom the definition of the distribution coefficient and the fact that the 
sum of the gram atoms of liquid and solid phase is constant, it follows that 


dln ay 





=k— 1, 12 
dln ny (13) 


An identical equation may be obtained in terms of the weight fractions, 


Hiasses, and weight fraction distribution coefficient which is frequently 
useful, 
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In dilute solutions, k will be constant; in addition we may use concen- 
trations rather than atom fractions and obtain an integrated form of 
equation (12). 

PS 11,0 k—1 
Cg = —kCi’(1 — g)”~. (13) 
PL 


For most applications the ratio of densities may be assumed to be unity, 
which gives the familiar equation 


Cs = kC1°(1 — g)*™, (14) 


used by Hayes and Chipman (Ref. 26b) and by Pfann (Ref. 27, 28). 
C,° is the initial concentration of the melt before solidification and g is 
the ratio of the gram atoms in the solid phase to the total gram atoms in 
the two phases which is the fraction of the melt volume solidified since the 
densities of the two phases have been assumed to be equal. 

Equation (14) may be used to describe the distribution of impurities 
along the length of a crystal which has been pulled slowly from the melt 
with stirring (usually accomplished by rotation of the crystal). Such a 
freezing process is a particular example of simple freezing. The progres- 
sive solidification of a melt from one end has been called normal freezing 
by Pfann (Ref. 27) and consequently the example under consideration 
might be called normal simple freezing. This freezing process will always 
result in maximum segregation of components. 

The variation in concentration along a crystal as a function of the 
fraction of melt solidified is shown in Fig. 4 for several values of the dis- 
tribution coefficient. It should be noted that g can become equal to unity 
for values of k greater than unity; ie., all of the melt may solidify by 
simple freezing. However, g cannot be unity, even in principle, for k less 
than unity, since the impurity concentration in the liquid phase cannot 
be greater than the particular value corresponding to a phase of pure 
impurity. In practice, of course, a eutectic or peritectic will limit the 
concentration range over which simple freezing may occur. 

Impurity distributions in germanium and silicon similar to those pre- 
dicted by equation (14) have been reported in a number of papers (Ref. 
29 to 36). 

The possibility of using maximum segregation to give p-n junctions has 
been discussed by Pfann (Ref. 28). Doping is a more frequently used 
technique of junction formation and has been discussed by Bradley (Ref. 
37). This consists of adding a proper amount of an opposite conductivity 
type impurity during the growth of a crystal from a melt containing an 
impurity. Multiple p-n junctions may be obtained by multiple doping, 
but the continuous segregation of impurities during crystal growth and 
the high impurity concentrations resulting from the additions limit the 
usefulness of this method to two or three junctions, in general, in a single 
crystal. Moore (Ref. 38) has suggested an interesting modification of 


the normal crystal growing technique which circumvents part of the. 


difficulty just mentioned, Melts containing appropriate impurities are 
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rotated into position beneath the growing crystal when conductivity type 
changes are desired. 

The exact shape of the impurity distributions obtained during crystal 
growth will depend on other factors than those accounted for in simple 
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a. 4 The concentration of an impurity incorporated into a crystal during sim- 
ple freezing as a function of the fraction of the melt solidified for vari- 
ous values of the equilibrium distribution coefficient. (Pfann, Ref. 28.) 


freezing. Such factors as growth rates, crystal rotation rate, and mixing 
times during impurity additions, may all influence the impurity distribu- 
tions. Before giving some consideration to these effects, however, there 
are two additional processes which have practical application which may 
bo classified as simple freezing processes, The first of these is the remelt 


. process and the second, the alloy process, 


The remelt process, proposed by Pfann (Ref, 39), makes use of the 
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fact that a nearly pure crystal can be partially melted to give a liquid 
phase of the same composition as the solid phase. A thermal gradient 
is used to control the amount of solid which is melted. Upon resolidifica- 
tion, normal segregation occurs and impurity distributions such as those 
shown in Fig. 5 may be obtained. The formation of an n-p-n junction 
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Fic. 5 A schematic diagram illustrating the formation of an n-p junction by the 
remelt process. (Pfann, Ref. 39.) 


is depicted where the condition has been met that Cp® >Ca°> 
(kp/ka) Cp’. if 
The alloy process (Ref. 40 to 46) has been exploited widely as a met 10 
of forming p-n junctions. In its simplest form it is a simple freezing 
process at temperatures far below the melting point of germanium or sili- 
con, i.e., at melt concentrations rich in a donor or an acceptor. Under 
certain conditions the distribution of impurities obtained by the alloy 
process will be dependent upon diffusional processes. This will be dis- 
cussed in Section 2.6. The important features of the alloy process may, 
nevertheless, be described as simple freezing, and equation (12) may be 
used to obtain the impurity distributions. A useful modification of equa- 
tion (12), which can be obtained with the additional assumption that the 
distribution coefficient is much less than unity, 1s: 


ka® 
Dd OF 
where F is the fraction of the dissolved crystal which has regrown. This 
expression is not limited to a constant value of k; the only requirement 1s 


that it be small, say, less than 0,01, Since 2°, the melt composition at the 
maximum temperature of heating, is in general greater than 0.5 for most 


(15) 


ws 
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applications of the alloy process, it follows from equation (15) that the 
variation in 2g will be determined primarily by the variation in k along 
the liquidus and solidus curves. The fraction of the dissolved crystal 
which regrows will be limited, for simple freezing under the above 
conditions, by the composition of the eutectic. In a number of systems 
of interest the solubility of germanium and silicon is so small at the 
eutectic that F may approach unity quite closely. 
The weight of the crystal which will dissolve will be given by 


ia OY gy (16) 
te 2°M> 2) 
where Mz is the weight of the impurity in contact with the crystal, x° 
the composition of the liquidus curve at the temperature to which the 
crystal is heated, and M,; and Mz are the respective atomic weights. If 
the thickness of a wafer of the additive placed in contact with the crystal 
is ¢, the depth of penetration, d, of the melt into the crystal will be 


1 — 2°)poM 
yay: 2) P2 a 
t°p1M2 


is long as the penetration occurs uniformly and perpendicularly to the 
original plane interface between the wafer and the crystal. The respective 
densities are denoted by p1 and po. / 

As long as the crystal is of conductivity type differing from that of the 
alloying element, a p-n junction will be formed. The distribution of im- 
purities will exhibit a sharp discontinuity and an abrupt or step junction 
(Ref. 43) will be formed when the diffusion constants of the impurities 
are small or when the time of heating is short. The composition of the 
regrowth layer at the junction will be determined by the temperature to 
which the crystal is heated and the characteristic distribution coefficient 
of the particular impurity. Transistor distributions, i.e., p-n-p or n-p-n 
impurity distributions, are obtained by alloying with an acceptor or 
donor element to both sides of a wafer of opposite conductivity type. 

A schematic diagram showing characteristic impurity distributions ob- 
(ained in the alloy process is shown in Fig. 6. An acceptor with a distri- 
bution coefficient of 10-% has been placed on germanium and heated to 
such a temperature that the composition of the saturated liquid phase was 
0.5 atom fraction. Upon slowly cooling to the eutectic temperature, essen- 
\ially all of the germanium has regrown, since the composition of the 
eutectic has been assumed to be 0.01 atom fraction in germanium. The 
distribution coefficient of the donor is 10~4, 

The control of the geometry of the junctions is also of importance. 
Advantage is taken of the fact that when crystals of germanium and 
silicon are slowly dissolved there is a tendency for the <111> planes to 
dissolve the most slowly. By alloying on <111> planes, junctions of 
greater planarity may be obtained (Ref, 47). 

The alloy process is in many ways quite the same as remelt with 
additions mentioned by Plann (Ref, 89), and the surface melting process 


(17) 
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of Lehovec and Belmont (Ref. 48). The distinguishing features of these 
last two processes lie in the fact that the position of the junction, and 
thereby the melt concentration, is controlled primarily by the thermal 
gradient imposed on the crystal. Consequently, the concentrations of 
added impurities may be quite small and the temperature of the liquid- 
solid interface may be very near the melting point of germanium or 
silicon. Both of these methods of impurity additions are simple freezing 
processes when the impurities have small solid phase diffusion constants 
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Fic. 6 A schematic diagram illustrating the distribution of impurities obtained 
with an n-type crystal alloyed with an acceptor element. -———— = 
germanium; ——— -— = donor; -------- = acceptor. 


and cooling is carried out slowly. The alloy process is also a simple 
freezing process under these same conditions, but the concentrations of 
the second component in the melt are sufficiently large to permit the rela- 
tive amounts of liquid and solid phases to be controlled by a uniform 
temperature rather than a thermal gradient. Thus, maximum segregation 
will occur in the alloy process, under conditions of slow cooling, where 
the thermal gradients in the system are small. 

Another simple freezing process has been used in an effort to purify 
silicon and to measure solid solubilities. Von Wartenburg (Ref. 21) has 
attempted to purify silicon by recovering silicon crystals precipitated from 
melts containing aluminum, silver, or zinc. Keck and Broder (Ref. 49) 
have used gallium and indium for the same purpose. Such precipitation 
processes may be described as simple freezing processes, since equation 
(12) can be used to obtain the impurity distributions in the precipitated 
crystal, as long as precipitation is carried out slowly enough to ensure that 


the liquid phase is uniform in composition, and fast enough to ensure that - 


no solid phase diffusion takes place, 
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An additional degree of freedom is achieved in the alloy process by 
making use of a third component as the carrier of a donor or an acceptor. 
The elements tin, lead, and gold may be used to carry an electrically 
active third component to provide the acceptors or donors which give p-n 
junctions (Ref. 50 to 52). Under these conditions the amount of acceptor 
or donor incorporated into the regrown crystal is determined not only by 
the concentrations in the alloy but also by the nature of the specific chemi- 
cal interactions which occur in the liquid phase (Ref. 53). Such an alloy 
process may be referred to as a ternary alloy process to distinguish it 
from the usual process which makes use of the properties of binary alloys. 
It will be recognized that the ternary alloy process involves quaternary 
alloys at least one component of which is always very dilute. Similarly, 


‘the binary alloy process involves ternary alloys, one component of which 


is always very dilute. Additional impurities have been added to these 
alloys, in some cases, to achieve better mechanical characteristics of the 
alloyed junction (Ref. 52). Addition of a small amount of an acceptor or 
donor with a larger distribution coefficient than the principal alloying 
agent may be used to give emitter junctions of improved electrical prop- 
erties (Ref. 54). 

‘The various techniques of junction formation which take advantage of 
simple freezing permit a rather wide range of impurity concentrations and 
a rather wide variation of impurity distributions to be obtained. How- 
ever, each has its limitations. No two junctions obtained by the multiple 
doping technique in a particular single crystal will have the same impurity 
distributions since additional impurities must be added for each junction. 
The effects of liquid phase diffusion processes on the impurity distribu- 
(ions obtained by this technique will be discussed in the next section, but 
ii should be mentioned here that the mixing rates of added impurities 
seriously limit the available impurity distributions. This is most evident 
when very thin p- or n-layers are desired. 

One of the chief advantages of the alloy process is that many more p-n 
junctions of a given size can be made from a crystal of silicon or germa- 
iium than by the doping technique, and consequently the semiconductor 
in more efficiently used. By using crystals of silicon or germanium, which 
are relatively homogeneous in composition, prepared by zone melting 
processes (see Section 2.5), p-m junctions can be made at quite low 
temperatures. In some instances it is possible to use techniques which 
are as simple as ordinary soldering techniques. In addition, higher con- 
centrations of donors and acceptors can be added to the semiconductor by 
the alloy process than by doping during crystal pulling, and, thus, larger 
concentration gradients are obtainable. 

Difficulties are frequently encountered in the alloy process with wetting 
(he semiconductor by the alloy. When non-uniform wetting occurs, the 
rosultant dissolution of semiconductor gives a very uneven liquid solid 
interface which produces an undesirable non-planar p-n junction, With 


_ some alloys, where wetting occurs rather easily (for example, with alumi- 


num or with gold), the thermal coefficient of expansion of the eutectic 
alloy which forma upon cooling to room temperature differs so much from 


a - 
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that of the semiconductor that undesirable cracks may form across the 
p-n junctions. 

Other impurity distributions of importance can be obtained by taking 
advantage of diffusion processes which may occur in the region of a liquid- 
solid interface. These will now be considered under the heading diffusion 
limited freezing. 


2.4 Dirrusion Limitep. Freezinc. Each of the processes discussed 
to this point has been idealized. The most important single process which 
has been excluded from the discussion has been diffusion. In all tech- 
niques used, this process occurs to some extent, although it may be neg- 
ligible in many cases. Both liquid and solid phase diffusional processes 
play a role in the determination of impurity distributions and both have 
been exploited in junction fabrication. Again, the description of these 
diffusion dominated processes will be in terms of the behavior of some- 
what idealized systems, but the inclusion of diffusion in the discussion 
permits a-description to be made of many of the observed properties of 
liquid-solid phase processes. 

It has been assumed in the previous discussion of freezing processes 
that equilibrium is maintained at the liquid-solid interface. Since freez- 
ing is a non-equilibrium process, the extent to which the foregoing as- 
sumption is valid at the liquid-solid interface is open to question. This 
has been discussed by Chalmers (Ref. 55). Up to the present, the only 
experimental evidence of non-equilibrium conditions right at the liquid- 
solid interface has been obtained by Hall (Ref. 56) who found that the 
distribution coefficient of antimony was apparently a function of crystal 
orientation at large growth rates, but not at small growth rates. The 
effects are small, however. Consequently, the assumption that equilib- 
rium is maintained at the liquid-solid interface is apparently reasonably 
well met (Ref. 69). 

Simple freezing requires that complete diffusional equilibrium be at- 
tained in the liquid phase. Frequently, the rate of solidification may be 
so rapid that significant concentration gradients are produced near the 
liquid-solid interface. These concentration gradients will limit the extent 
of segregation. Freezing which occurs under conditions which produce 
concentration variations within the melt will be called diffusion limited 
freezing. 

Diffusion limited freezing will be a function of the growth rate, the 
distribution coefficient of an impurity, its diffusion constant, and melt 
concentration. In addition, the turbulence of the liquid phase will be a 
factor in determining the magnitude of the concentration gradients near 
the liquid-solid interface. Burton et al. (Ref. 57 to 60) have discussed 
diffusion limited freezing in terms of an effective diffusion layer thickness, 
8, ahead of the advancing interface across which convectionless diffusion 
governs the rate of transport of material, but beyond which complete 
mixing is achieved. The situation corresponding to the segregation of an 


impurity during crystal growth which has a distribution coefficient less - 


than unity is shown in Fig, 5 (Ref, 57), Wheh the effeetive diffusion layer 
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thickness, 8, is constant, a steady-state condition is achieved for each 
growth rate which can be characterized by the effective distribution co- 
efficient defined in Fig. 7. The dependence of k, on the equilibrium dis- 
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Nia, 7 A schematic diagram of the distribution of an impurity in the region of 
the liquid-solid interface during diffusion limited freezing. (Burton and 
Slichter, Ref. 57.) 


tribution coefficient k, and the growth parameter f8/D, has been shown 
to be given by the following equation, 


i é 
*  k+U— be 


where D is the diffusion constant of the impurity in the liquid phase and 
/ is the growth rate. Fig. 8 shows the dependence of k, on the growth 
parameter f8/D for several values of the equilibrium distribution coeffi- 
wiont (Ref. 57). The effect of stirring on the segregation of impurities 
(uring diffusion limited freezing has been discussed by Burton and co- 
workers (Ref. 57 to 60) and by Wagner (Ref. 61). The transient im- 
purity distributions which can be expected as a result of growth rate 
vhanges have also been considered (Ref. 58, 59). 

It is to be noted from Fig. 8 that the effective distribution coefficient 
heeomes unity at fast growth rates. When a crystal is grown without 
slirring, it has been shown that the steady-state growth conditions corre- 
spond to an effective distribution coefficient of unity for all growth rates 
(Ktof, 61 to 65). The transient impurity distributions which may be ex- 
pooled as a result of growth rate changes during crystal growth without 
stirring have also been discussed (Ref, 61 to 66), 

Hall (Ref, 56, 67) has proposed an alternative explanation for the de- 
pendence of the distribution coefficient on growth rate which ignores trans- 
port processes in the liquid phase and assumes that the dependence of h 


(18) 
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on growth rate is due primarily to diffusion in the solid phase. It is now 
clear that liquid transport processes are of major importance (Ref. 68, 
69), although other factors such as solid phase diffusion, crystal orienta- 
tion, and non-equilibrium at the liquid-solid interface may have to be 
considered under some conditions. 

Uncontrolled diffusion limited freezing, which produces striations and 
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Fic. 8 The effective distribution coefficient as a function of the growth parame- 
ter f8/D for various values of the equilibrium distribution coefficient. 


(Burton and Slichter, Ref. 57.) 
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banding in the crystals, has been described by Pfann and Scaff (Ref. 30), 
by Slichter and Burton (Ref. 58), by Burton et al. (Ref. 60), and by 
Camp (Ref. 70). Rapid crystal growth produces rather large concentra- 
tion variations in front of the advancing crystal which produces instabil- 
ity in a planar liquid-solid interface. These conditions can be described 
in terms of constitutional super-cooling where thermal gradients and con- 
centration gradients in the liquid phase result in the supersaturation of 
the melt just ahead of the growing crystal interface. Such effects have 
been discussed by Chalmers (Ref. 55) and measured by Walton et al. 
(Ref. 71) and by Bolling et al, (Ref, 73). 


Pfann (Ref. 72) has pointed out that equation (14) may be used under - 


certain circumstances to describe the distribution of impurities in a crys- 
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tal grown during diffusion limited freezing. This will be possible when 
the effective distribution coefficient is constant during the growth of a 
crystal and can be expected to occur when a crystal is grown at constant 
growth rate with constant stirring conditions. Such apparent simple 
freezing, with an impurity having a distribution coefficient less than unity 
is accompanied by a pile-up of impurity in front of the advancing inter- 
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Ita. 9 The effective distribution coefficients of gallium and antimony in ger- 
manium as a function of growth rate. (Bridgers, Ref. 74.) 


face (Fig. 7) which finds the concentration of the impurity in the melt at 
a eee Ci, increasing at the same rate as the concentration in the 
melt, Cy. 

Teal, Sparks and Buehler (Ref. 33) were able to produce regions of 
constant concentration of impurity in germanium by making the growth 
rate follow a program which decreased the impurity pile-up in front of the 
advancing interface at just the right rate to compensate for the increase 
in concentration in the melt which accompanies apparent simple freezing. 
Resistivity control in germanium by growth rate programming has been 
discussed in several papers (Ref, 37, 57, 60), 

The exploitation of diffusion limited freesing to give controlled n-p-n 
impurity distributions in germanium was first achieved by Hall (Ref, 66), 
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who made use of the fact that the distribution coefficient of antimony 
changes more rapidly with growth rate than does that of gallium. The 
formation of a p-n junction by this technique is illustrated in Fig. 9 where 
the distribution coefficients of antimony and gallium have been plotted 
as a function of growth rate, according to Bridgers (Ref. 74). The relative 
concentrations of the acceptor and donor, r (= C4/Cp), has been ad- 
justed to give compensation at a growth rate, fe. 

Closely spaced junctions are rather difficult to grow by this rate-grow- 
ing technique because of the relatively long times required to achieve 
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Fic. 10 A schematic diagram of the impurity distributions arising from rate- 
growing with meltback. 


steady-state conditions after a growth rate change. Hall (Ref. 67) has 
been able to produce such structures, however, by a modification of rate- 
growing which may be called rate-growing with meltback. The relative 
concentrations of impurities are adjusted as for rate-growing, but the 
junctions are formed by melting the grown crystal back to the n-type 
region which was grown at a fast growth rate, then regrowing the crystal 
at the fast growth rate. The first junction is produced in a manner analo- 
gous to the remelt junctions discussed by Pfann (Ref. 39), although, 
strictly speaking, the process is closer to Pfann’s remelt with additions 
(Ref. 39) since the composition of the melt is different from that of the 
solid. The second junction is formed by the transient impurity distribu- 
tions during the time required to achieve the original steady-state condi- 
tion at the fast growth rate. The impurity distribution producing an 
n-p-n structure resulting from rate-growing with meltback is schemati- 
cally illustrated in Fig. 10. 

Bridgers and Kolb (Ref. 75) have used boron in germanium to make 
n-pen structures by rate-growing with meltback, From such crystals, 
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high frequency transistor tetrodes (Ref. 76) have been produced. Tanen- 
baum et al. (Ref. 77) have made n-p-n transistors from silicon crystals 
which were rate-grown with meltback. (Rate-growing with meltback is 
frequently referred to as rate-growing.) 

Pankove (Ref. 78) has described a way of making n-p-n impurity dis- 
tributions by diffusion limited freezing with the melt-quench process. 
The first junction is formed by remelting a portion of a partially com- 
pensated crystal containing the proper impurities and then regrowing 
small portion by simple freezing. This is Pfann’s remelt process (Ref. 
89). The second junction, however, is formed during the rapid growth 
following an abrupt drop in the temperature. The growth rate is so rapid 
that effective distribution coefficients of unity are reached for each of the 
impurities and consequently the original impurity concentrations in the 
orystal are restored. In principle, this second junction is not formed by 
rate-growing since the rates at which the effective distribution coefficients 
change with growth rate are not important. 

Since the effective distribution coefficient is a function of the stirring 
of the melt, junctions can be made by varying the rotation rate of a 
orystal during growth. Bridgers (Ref. 74) has called this the stirring 
modulation technique and has discussed its applications. 

Under most conditions realized in practice, the alloy process should be 
(described as a diffusion limited freezing process rather than simple freez- 
ing since rapid cooling rates are frequently used. The extent of impurity 
pile-up (k’s < 1) is limited, however, by the fact that the composition of 
the melt at the liquid-solid interface can never be greater than an atom 
fraction of unity. Since the equilibrium melt compositions are usually 
greater than an atom fraction of 0.5 in impurity, the effective distribution 
coefficient will always be less than twice the equilibrium distribution co- 
oflicient associated with the temperature of the liquid-solid interface. 


2.5 Zone Meutine. Zone melting (Ref. 27, 79, 81) adds a new feature 
lo freezing processes; namely, the volume of the melt is controlled during 
freezing. For example, the melt volume may be kept constant during 
freezing by passing a rod through a hot zone. This will cause the rod to 
inelt at a certain rate on one side of the molten zone, and to freeze at the 
sume rate on the other side of the zone. The most important zone melting 
processes are zone refining and zone leveling. Since they have both been 
(liscussed in some detail in a review article by Pfann (Ref. 81) only a 
brief discussion will be given here. 

Zone refining is obtained by the repeated passage of molten zones 
through a rod, all in the same direction. Under the conditions fre- 
(uently assumed to exist, zone refining is a simple freezing process * in 
(hat the melt composition is uniform at all times; the equilibrium dis- 
(ribution coefficient gives the segregation of impurities between the melt 
und the freezing solid adjacent to the melt; and no solid phase diffusion 


- occurs. However, equation (12) does not apply, because as the melt is 


* Under other conditions, concentration gradionta would lead to diffusion limited 
freeing, 





22 PREPARATION OF JUNCTION STRUCTURES 


solidified at one interface, melting occurs at the other interface to keep 
the liquid volume constant. If the concentration of an impurity in a 
crystal rod is C,° and a molten zone of length L is passed through it once, 
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Fic. 11 The concentration of an impurity as function of the number of zone 
lengths along a crystal, obtained by the passage of one molten zone, for 
various values of the equilibrium distribution coefficient. (Pfann, Ref. 


27.) 


the concentration of impurity left in the crystal will vary with distance, 
S, according to the following equation (Ref. 27): 


C,/C2=1-(— he" = (19) 


ing i i istributi in Fig. 11. The impurity 
The resulting impurity distributions are shown in Fig 
distributions which may be obtained after a specified number of passes 
have been calculated (Ref. 82 to 85) as well as the ultimate impurity dis- 
tributions after an infinite number of passes (Ref. 27). 


ing i i i i distribu- 
Zone leveling is a zone melting process which permits uniform ; 
ion of impurities to be obtained in a crystal, Impurities are deliberately 
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added to a molten zone which is passed through a relatively pure rod in 
which the impurity is not distributed uniformly. As long as the impurity 
in the melt has a distribution coefficient which is considerably less than 
unity, the composition of the melt will not change appreciably as the zone 
is passed through the rod. Consequently the solid which follows the 
molten zone will be of uniform composition. Pfann and Olsen (Ref. 80) 
have used this technique with germanium, while Bennett and Sawyer 
(Ref. 86) have used it with silicon. 

Keck and coworkers (Ref. 87, 88), Emeis (Ref. 89), Miiller (Ref. 90), 
and Theuerer (Ref. 91) have described the zone refining of silicon by the 
use of a molten layer suspended between two sections of silicon rod. This 
has been called the floating zone process and is the most promising of the 
techniques now used to obtain high purity, homogeneous single crystals of 
silicon, 

There are additional zone melting techniques which have been exploited. 
Nelson (Ref. 92) has produced uniform impurity distributions in germa- 
nium during crystal pulling by feeding polycrystalline high-purity ger- 
manium into the melt and thereby keeping the volume of the liquid phase 
constant. Pfann (Ref. 93) has suggested an interesting technique which 
he has called temperature gradient zone melting. This process can be de- 
scribed as crystal growing in a thermal gradient with a very small liquid 
#one and is an example of a diffusion limited freezing process. Important 
advantages are obtained through the use of the small zone since it can be 
moved at will, under the influence of the thermal gradient, in the body 
of the semiconductor crystal to obtain very complicated and unusual im- 
purity distribution. Additional information on this process is reported 
by Wernick (Ref. 94). 

Carmen and coworkers (Ref. 95) have used a modified zone melting 
technique in an effort to purify silicon at low temperatures. By inten- 
tionally adding enough gold, a molten zone can be maintained at tempera- 
tures just above the eutectic temperature of the gold-silicon system 
(870°C) (Ref. 96) and at gold compositions just less than the eutectic 
womposition (94 weight per cent) (Ref. 96). This is a simple freezing 
process using zone melting techniques. The use of the word eutectic (Ref. 
5) in describing the process is somewhat misleading in that the eutectic, 
which is a melt of a particular composition at a particular temperature, 
is not actually used in the processes. Unfortunately, the term zone of 
wilicon eutectic has been used by Coblenz and Owens (Ref. 97) to de- 
wribe this process as well as the purification techniques of Von Warten- 
burg (Ref. 21), Keck and Broder (Ref. 49). 


2.6 Durruston. The other important process which can be used to 
control impurities in crystals which are in contact with a liquid phase 
is solid phase diffusion. This process can occur at constant temperature 
where the freezing processes discussed in the preceding sections must occur 


with a change in temperature, There are two aspects of diffusion which 


must be considered, The first is the diffusion of an impurity into a 
crystal and the second is diffusion out of a erystal, 
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The importance of diffusional processes in the formation of p-n junctions 
by the alloy process has been discussed in some detail by Saby and 
Dunlap (Ref: 45). They point out that very little diffusion is necessary 
to ensure that the p-n junction formed is confined to the body of the 
semiconductor. It is possible to produce p-n junctions at such low tem- 
peratures in the indium-germanium and aluminum-silicon processes, 
however, as to make it clear that regrowth is important. In the ternary 
alloy process where the acceptor or donor concentrations may be main- 
tained at low values, the regrowth layer will be of great importance. 

The impurity distributions which may be realized in the alloy process 
when solid phase diffusion occurs are shown in Fig. 12. The conditions 


REGROWTH © 
LAYER EUTECTIC 





ATOM FRACTION 


Fig. 12 A schematic phase diagram illustrating the formation of a junction by 
alloying with diffusion. = germanium; ——— — = donor; 
wecennn- = acceptor. 


ich apply are the same as those for the impurity distributions of Fig. 6 
a in addition, it has been assumed that the diffusion constants of 
the acceptor and donor were large enough to give appreciable diffusion 
into the crystal at the alloying temperature before cooling. The diffusion 
constant of the donor has been assumed to be somewhat larger than ie 
acceptor. The distribution coefficient ‘ a acceptor is so small (10~—*) 

negligible regrowth occurs during diffusion. ; a 
gels sear diffusion process can be called gettering. A liquid 
phase acts as a getter to any impurity in the solid phase which has a small 
distribution coefficient and which has a large diffusion constant. The 
uncontrolled formation of acceptors in germanium during heat treat- 
ment (Ref. 98) has been shown to be caused by the diffusion of copper 
into the crystal (Ref. 11, 99). It has been possible to keep copper from 
diffusing into the crystal by first removing it from the surface (Ref, 100), 
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However, the environment in which the germanium is heated may be a 
source of copper, since only very small quantities of copper are required 
to alter the properties of a high-resistivity germanium crystal. In this 
case the copper can be kept from the crystal by providing a liquid phase 
which will act as getter for any dissolved copper in the crystal and as a 
sink for copper in the environment. This technique has been used suc- 
cessfully by a number of workers (Ref. 101 to 107), and accounts for 
the fact that uncontrolled acceptors have not been a serious problem in 
the alloy process where a molten phase is present (Ref. 105). 


8 VAPOR AND SOLID PHASES PRESENT 


Impurities may be introduced into germanium and silicon directly 
from the vapor phase. In the simplest case, the equilibrium concentra- 
lion of impurity in the solid phase will be directly proportional to the 
pressure of the impurity in the vapor phase. In general, this simple 
proportionality occurs at low pressures and low concentrations in the 
solid solutions; at higher pressures and/or concentrations, the proportion- 
wity factor may not be a constant but will vary with pressure. There 
will always be a maximum pressure at each temperature above which 
it is not possible to have a solid phase in equilibrium with a vapor phase 
wlone. If the binary phase diagram is of the type illustrated in Fig. 1, 
the semiconductor crystal will melt when this critical pressure is ex- 
ceeded in the temperature range between the eutectic temperature and 
the melting point of the semiconductor. At temperatures below the 
eutectic, another solid phase will form which, in the system illustrated 
in Fig. 1, will be the nearly pure impurity element. This critical pressure 
is & unique function of temperature for every binary system and the solid 
solubility characteristic of this pressure is that given by the solidus curve. 

The impurity distributions in the semiconductor crystal resulting from 
(diffusion from the vapor phase will be dependent upon. the exact con- 
(litions of diffusion. In the particular case where the pressure of impurity 
over the solid phase is constant during diffusion, the impurity distribution 
in the solid as a function of time will be given by the equation 


C.= CL erf : (20) 
Pe or aN 

where C, is the impurity concentration in the solid, C,° the concentration 
i the surface, S the distance in from the surface, D the diffusion constant 
of the impurity, usually in em?/sec, ¢ the time. The error function 
womplement, erfe, is given by Barrer (Ref. 108) and by Jost (Ref. 109), 
who also discuss the distribution of impurities obtained in solid phases 
hy diffusion under a wide range of conditions. The diffusion constants 
of many of the elements of interest have been measured by Dunlap (Ref. 

110) and Fuller and coworkers (Ref, 14, 111, 112), 
Diffusion may occur from the vapor phase under somewhat more 
complicated conditions than have just been described. The impurity 
nay be transported in the vapor phase to the crystal as a molecular ape- 


—————— 
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cies which reacts with the semiconductor to give new vapor species. 
Again, there will be a critical pressure above which a new phase may form 
and for which a characteristic solid phase concentration of donor or ac- 
ceptor exists. This situation arises when the vapor molecule containing 
the donor or acceptor impurity also contains at least one other element. 

A number of semiconductor devices have been described which are 
made by diffusion processes (Ref. 113 to 120). In some cases such 
impurity distributions have been by diffusion from a vapor phase; in 
other instances the impurity is carried to the semiconductor erystal in 
the vapor phase, but a new phase is formed on the semiconductor surface 
from which diffusion progresses. Tanenbaum and Thomas (Ref. 119) 
have made silicon transistors by the simultaneous diffusion of aluminum 
and antimony from the vapor phase. 


4 ANOTHER SOLID PHASE PRESENT 


Whenever an impurity element is placed in contact with a crystal of 
germanium or silicon at temperatures below a eutectic or peritectic 
temperature, diffusion will occur across a solid-solid interface. At this 
interface a distribution coefficient, a,/x's will describe the segregation of 
the impurity element between the semiconductor and the other solid phase 
(primed). Ina simple example, 2's will be the atom fraction of impurity 
at the solidus on the impurity rich side of the phase diagram and will 
frequently be essentially equal to unity; 2s will be the atom fraction of 
impurity at the solidus on the semiconductor rich side and, in general, 
will be a small number. When intermediate solid phases form, as in 
the germanium-copper and silicon-copper systems (Ref. 96), for example, 
the atom fraction of the impurity element in solid phase on contact with 
the semiconductor may be considerably less than unity. The diffusion 
of nitrogen, phosphorus, arsenic, and iron into germanium and silicon will 
also proceed from intermediate phases (Ref. 96, 123). The binary 
phase diagrams of boron with germanium and silicon are not known, but 
intermediate phases are reported in the silicon-boron system (Ref. 124). 
The germanium-lithium and silicon-lithium phase diagrams are not 
available, but intermediate solid phases are known (Ref. 125). 

It is possible for two solid phases to be placed in contact with each 
other and to have diffusion take place in the absence of a phase boundary. 
This will occur when the two solid phases are completely miscible in each 
other. The only known system involving germanium or silicon for which 
this is true is the germanium-silicon system itself (Ref. 9). 

At temperatures below a eutectic or peritectic the solubilitiy of the 
impurity in the semiconductor will, in general, decrease with decreasing 
temperature. Consequently, solid solutions saturated at one temperature 
will be supersaturated at lower temperatures and precipitation may 
occur if the impurity rich phase can be nucleated and if the diffusion 
constant of the impurity in the semiconductor solid solution is not too 


small. Precipitation has been reported in the germanium-copper (Ref, | 
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98, 126), germanium-lithium (Ref. 19, 22 ili 

; er : a, 22b ] - 

127), and silicon-lithium (Ref. 22a, 22¢) aibare Re ne ve 
The electrical instabilities of silicon under various annealing conditions 


(Ref. 121a, 121b) are related to th ipitati ili aes sare 
the crystal (Ref. 122). o the precipitation of silicon dioxide within 


5 HOMOGENEOUS SOLID PHASE REACTIONS 


All of the processes which have been discusse i 
As heterogeneous phase reactions. As long < pees ee Le . 
these reactions will be influenced by the processes which occur = ta 
geneous solid phase reactions within the semiconductor solid solution ‘a 
- a pure semiconductor there are two types of intrinsic reactions 
wW lich oceur: vacancy-interstitial equilibria and ionization equilibria 
Some information is available on the intrinsic vacancy-interstitial e ui- 
librium in germanium (Ref. 128a); the influence of this equlibetats: on 
diffusional processes has been studied (Ref. 129, 130). A great deal 
is known about the intrinsic hole-electron concentrations in ge i 
or: 131) and silicon (Ref. 132). Pie 
1en impurities are present in solution i 1 ili 
orystals, the reactions which occur ia be ‘divided info’ o aS 
single impurity equilibria and impurity interactions. The iofaiation 
of a donor and an acceptor and the chemical effects associated with such 
equilibria have been discussed by Reiss (Ref. 133) and by Longini sae 
Green (Ref. 134). The possibility of an impurity equilibrium abide 
{wo impurity states, such as an interstitial state and a saSatieetiotal 
atate, has been suggested by van der Maesen and Brenkman (Ref. 135) 
lhree different types of impurity interactions have been identified. 
Reiss (Ref. 133) and Longini and Green (Ref. 134) have diatoseed 
lonization interactions of donors and acceptors. Reiss and Fuller (Ref 
186) and Reiss, Fuller, and Morin (Ref. 19) have presented expe i. 
mental evidence of such interactions. Reiss and coworkers (Ref. 136 137) 
have described two additional types of reactions in yermaniuin and 
silicon, ion pairing, and complex formation, for which experimental 
 Spnaa a presented ier 138). The relationships between the concen- 
various imperfecti ithi i 
agp ages F oe within a crystal have been discussed by 
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Chapter 2 


METHODS OF IMPURITY CONTROL 
AND JUNCTION FORMATION 


This chapter presents basic principles for impurity control and oe 
tion formation by presenting first a section on the manipulation o 
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eyes dradlent to perform a variety of useful functions in the sem! 
conductor art and in metals in general. 
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2A. FORMATION OF p-n JUNCTIONS 
SEMICONDUCTORS BY THE VARIATION 
OF CRYSTAL GROWTH PARAMETERS 
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Ceriotal principles are derived and various applications are discussed. 
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tive distribution coefficient of an impurity between liquid and solid de- 
pends upon the rate of crystal growth. For most impurities in germanium 
and silicon the coefficient increases with growth rate, but the fractional 
change for a given change in growth rate is different for different im- 
purities. By properly choosing both an acceptor and a donor impurity 
and by suitably adjusting their melt concentrations, it is possible to 
incorporate an excess of acceptor in the crystal at one growth rate, to 
give a p-type semiconductor, and an excess of donor at another growth 
rate, yielding n type. By an obvious extension of this principle, n-p-n or 
pen-p structures can be obtained by suitable modulation of growth rate. 

The advantage of the rate-growing method for the formation of grown 
junction n-p-n’s lies in the fact that very thin p layers are more readily 
obtained than by double-doping methods (Ref. 2). Such thin layers are 
(desired for high-frequency transistor triodes and tetrodes. Rate-growing 
lias been employed by Tanenbaum e¢ al. (Ref. 3) to prepare silicon grown 
junction n-p-n’s and by Bridgers and Kolb (Ref. 4) to prepare very high 
frequency tetrode structures using boron as the acceptor impurity in 
feormanium. 

In this paper the theory of Burton et al. (Ref. 5) for the variation of 
\he effective distribution coefficient with growth rate and with stirring is 
applied to the formation of p-n junctions by “rate-growing” and by 
‘stirring-modulation.” General principles are derived and various appli- 
oations are discussed. This is a report of an extended investigation of 
(hese crystal-growing techniques. 


|| THE EFFECTIVE DISTRIBUTION COEFFICIENT 


The distribution coefficient of an impurity between solid and liquid 
phases of its solvent, is defined as the ratio of the impurity concentration 
in the solid to that in the liquid, when equilibrium exists between the 
phases. For systems of interest in germanium and silicon, the equilibrium 
(listribution coefficient, k°, is a constant at low-impurity concentrations. 
Under the non-equilibrium conditions of crystal growth, it is convenient 
(0 define an effective distribution coefficient, k, as the ratio N/C, where 
' is the concentration in the solid at the interface, and C is the mean 
eoncentration in the liquid. 

‘The effective distribution coefficient depends upon the growth rate and 
tipon the extent of mixing in the liquid. Burton (Ref. 5) has explained 
\his behavior by a mechanism which involves fluid transport processes 
and neglects diffusion in the solid. In this theory, an equilibrium state 
is aesumed to exist at the interface between liquid and solid. As the 
interface advances during growth, a concentration gradient is established 
in the liquid if k° is different from unity. If k°® < 1, impurity atoms are 
rejected by the growing solid faster than they can diffuse into the bulk 


of the liquid, Since the concentration at the interface is higher than in 


the liquid bulk, the effective distribution coefficient is larger at finite 
growth rates, Similarly for k® > 1, the impurity is incorporated in the 
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growing solid faster than it can diffuse from the liquid bulk to the inter- 
face, with the result that the effective distribution coefficient decreases 
with increased growth rate. In a stirred melt, the region over which the 
diffusion gradient exists is essentially confined to a thin layer adjacent 
to the interface whose thickness (10-§ — 10-2 em) is determined 
primarily by the degree of stirring. From a one-dimensional analysis 
of these considerations, the steady-state effective distribution coefficient 
is given by 

1 


k= ——— 
1 + [(1/k°) — 1] exp (—af/D) 


where 8 is the thickness of the diffusion layer, f is the growth rate, and D 
is the diffusion coefficient of the impurity in the melt. 

A mechanism proposed by Hall (Ref. 1) neglects transport processes 
in the liquid and assumes that the variation in k with growth rate is 
due primarily to diffusion in the solid. Although the effects of diffusion in 
the solid should be considered, the role played by fluid transport processes 
is probably dominant (Ref. 6). 

To grow crystals with p-n junctions by these techniques it is only neces- 
sary that the variation of the effective distribution coefficients with growth 
parameters be established empirically. To understand the details of 
the process, however, one needs a suitable model, and for this purpose the 
Burton theory has been chosen as providing an adequate description. 

Effective distribution coefficients are usually measured under steady- 
state conditions and analyzed using equation (1). Two time-dependent 
cases have been treated. One of these involved an abrupt change in melt 
concentration (as by the addition of impurity) and the subsequent time- 
dependent return to steady state (Ref. 5), and the other dealt with a 
sinusoidal variation in growth rate of small amplitude (Ref. 7). Both 
of these analyses indicate a time constant 82/D which governs the transient 
behavior. Measurements of the variation of k with growth rate lead to 
a value of (8/D). Using this and other expressions from the theory 

(Ref. 5), the time constant, (82/D), has been found to be of the order of 
a second or less. It is reasonable to assume that the same time constant — 
will govern the return to steady state, following changes in growth param- 
eters. To bring about changes in the effective distribution coefficients 
it is necessary to make changes in the growth parameters, and if the peri- 
ods involved in executing these changes are long compared to the time 
constant 82/D, then it is reasonable to assume that the actual changes 
in k with growth variables approximate those observed in the steady 
state. In some cases, where highly transient processes occur, this may be 
a poor approximation, but experience has shown that in many applications 
the assumption is not an unreasonable one. This assumption is made in 


all that follows. 


(1) 
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III PRINCIPLES OF RATE-GROWING 


A GENERAL PRINCIPLES. To produce a rate-grown stru i 
ing both conductivity types, the concentrations of donor esr Arenas 
impurities in the melt must be such that exact compensation is obtained 
in the solid at some finite growth rate, f,. For simplicity, only one ac- 
ceptor and one donor will be considered and any interaction between 
them will be neglected. From the definition of the effective distribution 
coefficient, the foregoing condition may be written as 


Ka(fe)Ca = ka(fe)Ca, (2) 


where the subscripts a and d refer to acce i 
\ ( ptor and donor, respectively. It 
is convenient to define a ratio of melt concentrations, r as Ca 1 Ea ndad 


this, (2) can be written 
tha(fe) = ka(fc).- (3) 


‘The net acceptor-donor concentrati ich i — 
eivenbe ration, which is defined as Z = Ng — Na, 
Z= Calka -_ rka]. (4) 


In extrinsic n-type crystal, Z is itive; it i 

ie nt ‘ystal, positive; it is zero for exact compensation 
- negative in extrinsic p type. For a given acceptor-donor pair, r is 
( termined by specifying the ratio of two values of Z at two corresponding 
growth rates. Defining this ratio as Riz = Z(f1)/Z(fe), and using (4) the 
ratio of melt concentrations is given by 


i 2 ka(fi) — Rioka(fo) 
ka(fi) — Riska(fo) 


Usually one would specify a negative ratio R12, such that at one growth 
tute p-type semiconductor is grown and at the other n type. Alterna- 
tively the compensated growth rate, f., may be specified. Inserting this 
value in (3), the ratio of melt concentrations is uniquely determined for 
i given acceptor-donor pair. By specifying Z at any growth rate other 
than f., a value of Cz is obtained from (4). Then the net acceptor-donor 
soncentration, Z, is determined at all growth rates. Thus a knowledge 
ol the variation of the k’s for any acceptor-donor pair over a range of 
growth rate permits one to arbitrarily specify two values for the net 
perros concentration at two arbitrary growth rates within that 
‘ange, 

The ratio of melt concentrations is the mest important parameter in 
tate-growing. The reason for this is that it not only fixes the ratio of 
sonductivities that are obtained at a given pair of growth rates, but 
\( also fixes the growth rate, f,, at which conversion of conductivity type 


(5) 


oan occur, The rapidity with which a conversion of co ivi 
nductivity type 
oan be made to occur will be determined by the amount the aa. a 


muat be changed to reach the value f,. Therefore the rati 

o o of melt con- 
sentrations is an important factor in the geometry which can be achieved 
in a multiple conductivity-type structure, 
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In order to grow p-type and n-type semiconductor at growth rates 
fp and fn, respectively, the range of values of r is limited. From (4) it 
is clear that r must be confined to the range 


half) Balla), 
kalo)‘ RalSn) 


If the inequality on the left is not satisfied, n type will be grown at fp and 
similarly if that on the right is not satisfied, p type will be obtained 
at fn. It is assumed here that there is only one f, which will satisfy (3). 


B Tue Rare or Cuance or Na — Na. The rate of change of the net 
acceptor-donor concentration with growth rate is of primary concern in 
rate-growing. By differentiation of (4) with respect to growth rate, this 


variation is given by 
dZ Ee e) 
—> Ca —— — r— ]}? 
df df df 


and using (3), this may be written 


2 — cabaso | 1dka “|. 
af Lkalfe) af — halfe) af 


The product Caka(fe) is equal to the donor concentration in the solid at 
the growth rate f., and is then a measure of the general level of concen- 
trations in the solid. The square-bracketed quantity in (8) is a measure 
of the rapidity of variation of Z. At fe, it is the difference in values of 
d\n k/df for acceptor and donor. Over the growth rate range of interest 
(0-10-2 em/sec), k’s seldom change by as much as an order of magni- 
tude. Therefore the square-bracketed term may be approximated by the 
derivative of the logarithms, and a fair measure of the variation of Z with 
f is had by comparing (d In k/df) for donor with that of acceptor. The 
larger the difference between these quantities, the more suitable an ac- 
ceptor-donor pair for rate-growing where large swings in the net solid 
concentration are desired. A convenient figure of merit for an acceptor- 


donor pair is 


(6) 





(7) 


(8) 


d_ ka 
FM = —In—- 
df ka 
For this reason, when comparing various acceptor-donor pairs, it is con- 
venient to display the variation of k with f on a semilog plot as shown 
in Fig. 1. The preceding figure of merit is given by the difference in slopes 
of the curves for an acceptor-donor pair. 

An additional advantage to this type of plot is that, for k® less than 
about 0.1, the logarithm of k approximates a straight line over the growth 
rate range of interest. Perhaps the most useful feature of the semilog plot 
lies in the fact that if an acceptor curve is shifted along the ordinate 
until it intersects a donor curve, the intersection determines f, and the 
increment along the ordinate that the acceptor curve was shifted is equal 


(9) 
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: Wee me prosniarnonte pair. This is demonstrated in Figs. 2 and 
; rate, the difference between the antil d 
upper of the intersecting curves and th spe uctnie 
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proportional to the net solid concentrati eee 
or t on and th 
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os NS, s conceivable that cur 
gre ptor and donor might intersect in more than one ue ue 
4 equivalent, there might be more than one solution to (3). By usin 
at than one acceptor and/or donor, it may be possible to realize this 
pence Such a case would be useful for growing multiple conductivity- 
ype structures because a conversion of conductivity type can E 
eee than one growth rate, po 

4 indicated earlier, the magitude of f, i i i 
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’ that if effective distribution coefficients varied linearly with growth rate 
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then f, would be the same for any acceptor-donor pair. Of course, k’s do 
not vary linearly with growth rate, but the greater the departure from 
linear behavior the more f, will be affected. To be more precise, since 
(4) and (7) are monotonic functions of f over the range of interest for 
all systems studied, it can be shown that f, will be smaller when the 
absolute magnitude of (7) is large at low growth rates. It is for this 
reason that boron-antimony proved to be a much better pair than gallium- 
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Fic. 2. Rate-growing with gallium and antimony in germanium. 


antimony for rate-growing germanium n-p-n’s with thin p layers. For 
boron the variation of k is much more non-linear than that for gallium 
with the result that f, is smaller. This may be seen by comparing Figs. 2 
and 3, which were so computed that the same conductivities of n and p type 
would be grown at the same two growth rates, f, and fp, but for two 
different acceptor-donor pairs. 

An additional basis for comparison of acceptor-donor pairs is the degree 
of compensation, or the fraction of the total impurity content which con- 
tributes to conductivity. The total impurity concentration, (Na + Na); 
contributes to scattering and thereby reduces the mobility. This effect 
is least when the ratio [Va — Na|/(Na + Na) is large and it can be shown 
that this ratio is large when the figure of merit in (9) is large. 
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In this section a great deal of im i 

portance has been ascribed to the rati 
of melt concentrations. It is well at this point to mention briefly ‘that 
Ber sia must always be made of the fact that concentrations in the 
melt vary as the volume of melt changes on crystallization. The ratio 
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Fic. 3 Rate-growing with boron and antimony in germanium. 


of melt ¢ i ; : ; ; 
Seat oncentrations varies with the fraction of melt crystallized accord- 


r= rofl — Xe, (10) 


where 7 is the initial ratio, and X is the fraction of 1 i 

In most applications of rate-growing the Mili. a a i Gear 
grown at a constant growth rate, and, therefore, the corresponding values 
for kg and ka can be used in (10) as a good approximation, neglecting the 
rate-grown cycles, In the case of boron-antimony in germanium the 
variation described by (10) is very rapid and this proved to be quite use- 
ful for rate-growing thin n-p-n’s, As boron was rapidly depleted from 
the melt, r decreased and f, correspondingly decreased with the result that 


_p layers became successively thinner, until finally (6) was no longer 
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satisfied and p-type growth was not obtained. The advantage here was 
that exceedingly thin p layers (0.0001 in.) , could be obtained reproducibly. 


IV METHODS OF RATE-GROWING 


Most reported applications of rate-growing have been made to crystal 
growth by pulling from the melt, but the method may be employed equally 
well in conjunction with zone-melting (Ref. 8) or floating-zone crystal- 
lization (Ref. 9). It is only necessary that the growth rate be subject 
to controlled changes. In the pulling method, growth rate changes are 
made by changing the pulling rate, or by changing the temperature dis- 
tribution in the neighborhood of the liquid-solid interface, or both. 

A typical rate-growing program, which we have successfully employed 
to grow n-p-n structures in germanium, can be described readily with 
reference to Fig. 2. Using gallium and antimony as acceptor and donor, 
and the variation in their effective distribution coefficients as shown in 
Fig. 1, the ratio of melt concentrations and the level of melt concentrations 
were adjusted so that p-type germanium of suitable conductivity would 
be grown at a growth rate, fp, near zero. The melt concentrations were 
also such that n-type germanium of the desired conductivity would be 
grown at a fast growth rate, f, (about 0.0075 em/sec.). Following the 
growth of a section of n-type crystal at the steady rate fn, the withdrawal 
was stopped, and the crystal was partially pushed back into the melt. 
Simultaneously the power supplied to the melt was increased, and a 
steady-state meltback occurred. The meltback was abruptly ended by 
returning both pull rate and power input to their original values for steady 
growth at fn. When the growth rate accelerates from negative to positive 
growth, p type is grown until the growth rate reaches the value f., at 
which a conversion to n type occurs and n type continues to be grown 
as the growth rate approaches its steady value fn. This cycle may be 
repeated many times with the formation of multiple n-p-n structures in 


the same crystal. A meltback is usually incorporated so as to produce ~ 


a more abrupt change in conductivity. The response of growth rate to 
changes in pulling rate or power input is generally slow because of the 
heat of fusion which is liberated at the interface and the thermal mass 
of the system. Following the abrupt reversal of pull and increase in power, 
the growth rate decelerates relatively slowly as shown by the dashed curve 
in Fig. 4. This is a schematic plot of the net acceptor-donor concentration 
in the solid as a function of distance along the growth axis. That portion 
which is grown according to the dashed curve, is removed by the meltback. 
As shown in Fig. 4, the result of the meltback is to make the conversion 
from n type to p type more abrupt and therefore produce a thinner p 
region. In addition, a meltback insures that growth at the slow rate will 
always begin at a reproducible growth rate, namely zero. Essentially the 
same sequence of events can be made to occur by pulling at a constant 
rate and periodically making step changes in the power input so as to 
produce a momentary melting and a return to growth, 

It was suggested (Ref, 4) that when a meltback is employed in rate- 
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growing, an effect like that of “remelt” as described by Pfann (Ref. 10) 
would be expected to play a role in determining the properties of a region 
formed by subsequent return to growth. Any effect of “remelt’’ in such 
a process would be confined to the diffusion-dominated layer adjacent to 
the interface. Therefore, the effect would be expected to be significant 
in a region grown subsequent to the meltback, whose thickness is of the 
order of the layer thickness 8. 

Variation of the effective distribution coefficient with growth rate has 
been measured for gallium, antimony, and boron in germanium as shown 
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Fic. 4 The net acceptor-donor concentration in the crystal as a function of dis- 
tance along the growth axis during an n-p-n rate-growing cycle. 


in Fig. 1. In addition, for growth rates up to 10-? cm/sec, we have 
observed that the fractional change in effective distribution coefficient 
with growth rate, (d In k/df), is larger for both arsenic and antimony than 
for indium in germanium; in silicon, (d In k/df) is larger for arsenic than 
for boron and it is larger for antimony than for gallium. In all of the 
foregoing cases, the fractional increase in k with growth rate is larger 
for the donor impurity than it is for the acceptor impurity. 


V STIRRING MODULATION 


: The thickness of the diffusion-dominated layer adjacent to the interface 
is proportional to the reciprocal square root of the angular velocity of 
the rotating crystal (Ref. 5). By changing the rotation, while growing 
from a melt which is suitably “doped” with both acceptor and donor, 
& conversion of conductivity type can be made to occur. This was 
demonstrated by the following experiment. Consider Fig. 5, which is like 
Fig. 2, except that two curves are shown for both gallium and antimony 
in germanium, at two corresponding rotation rates. The melt-concentra- 
tion ratio was adjusted such that the two pairs of curves intersect, giving 
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two growth rates, f.; and fy, at which conversion of conductivity type 
can occur. If the growth rate is held constant at a value f1, such that 
fea < fi < fez, n-type crystal is grown at the slow (30 rpm) rotation and 
p type at the fast (230 rpm). The conversion is completely reversible. 
After growing an n-type region of any desired thickness at the slow 
rotation, the rotation may be increased to the fast rate and a p-type region 
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Fic. 5 Junction formation by stirring-modulation. By growing at a fixed growth 
rate f,, n-type or p-type crystals can be grown, respectively, at slow or 
fast rotation. 


of any width grown. The resulting p-n junction is invariably quite planar. 
The indications are that the junction is formed very rapidly following 
the change in rotation. We have employed this procedure to grow p-n-p-n 


structures in which the two sandwiched layers have widths of the order of © 


a few thousandths of an inch. When ohmic contacts are made to the end 
regions, these structures exhibit a current-voltage characteristic with a 
negative resistance region like similar structures made by different 
methods (Ref. 11). 

The stirring-modulation method shows considerable promise as a 
technique for growing complex structures of multiple conductivity type 
in semiconductor crystals, 
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2B. REDISTRIBUTION OF SOLUTES BY FORMATION 
AND SOLIDIFICATION OF A MOLTEN ZONE * 


W. G. PFANN 


Formation and slow solidification of a molten zone in a homogeneous ingot 
produces a discontinuity in solute concentration at the boundary of the 
sone and a gradient of concentration within the zone. By using two sol- 
ules, one a donor, the other an acceptor, step or graded p-n barriers can 
be produced. 


ixploitation of the difference in concentration between a molten solu- 
tion and the solid which freezes from it is continued in this paper. The 
normal segregation which results from this difference has been used for 
purification (Ref. 1, 2), and for p-n barrier-formation in semiconductors 
(Ref. 3,4). By means of traveling molten zones this difference h&is been 
\wwed to effect multistage separations and to eliminate segregation in ingots 
(Ref, 5, 6). It will be shown here that, by means of stationary molten 
sones, this difference can be used to produce discontinuities in concentra- 
lion, In particular, it will be shown that a p-n or n-p-n barrier can be 
nade, by the simple act of melting and refreezing a portion-of a block of 

* Originally published in J. Metals, Vol. 6, Feb, 1954, 
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semiconductor, provided that the block contains proper concentrations 
of a donor and an acceptor in solid solution. 

ASSUMPTIONS 


The operation of melting and slow refreezing will be called remelting, 
and the interface between liquid and solid at the start of refreezing will 
be called the remelt boundary. While.remelting may be done for various 
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Fic. 1 Concentration of a single solute as a function of distance from remelt 
: boundary. Remelting produces a step in concentration at the remelt 
boundary and a gradient in concentration in the remelt zone. 


shapes,of starting crystal and remelt zone, it will be assumed that the — 


remelt zone is cylindrical, its length being measured in the direction of 
freezing, which is normal to the remelt boundary, and that the remelt 
boundary is planar, as in Fig. 1. The assumed conditions of freezing are: 
a) diffusion in the solid is negligible; b) diffusion (or mixing) in the liquid 
is complete, i.e., concentration in the liquid is uniform ; ¢) the distribution 
coefficient, k, defined as the ratio of the solute concentration in the freezing 
solid to that in the liquid, is constant. Where electrical conductivity is 
discussed, it will be assumed to be proportional to the concentration of 
excess donors or acceptors, It will be assumed, also, that solute concen- 
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trations are in atomic units, and that each solute atom contributes one 
carrier of electrical charge. 


SIMPLE REMELTING WITH ONE SOLUTE 


In a block of material containing a uniform concentration Cy of sol- 
ute, melt a zone of length Jp and freeze it back slowly, as in Fig. 1. Under 
the assumed conditions of freezing, the solute concentration in the first 
solid to form, at the remelt boundary, will be kCo and the solute con- 
centration, C, in the remainder of the remelt zone after freezing will be 
given by the normal freezing equation (Ref. 4): 


C = kCp(1 — g)*-, (1) 


where g is the fraction of the remelt layer which has solidified. Thus, as 
shown in Fig. 1, remelting produces a discontinuity in concentration, of 
magnitude Co(1 — k) at the remelt boundary and a gradient of concen- 
tration in the remelt layer. If k differs appreciably from unity, large per- 
centage changes in concentration can be produced at the remelt boundary. 

It is important, in practice, to consider the effect of diffusion in the solid 
during remelting, particularly in the period just before freezing begins. 
For k < 1 solute will tend to diffuse to the molten zone. If the diffusion 
coefficient, D, is small, but appreciable, then rounding of the step may 
occur as indicated by the dotted curve in Fig. 1. If D is large, and suffi- 
cient time elapses, the solid and liquid will attain concentrations C; and 
C;/k, respectively. Cy; can be determined readily from a solute balance 
if the volumes of liquid, V;, and solid, V,, are known, as follows: 


C. 
Co(Vi + Vi) = CyVe + = Vi. 


(Even though a temperature gradient must exist, it is assumed to be 
small.) If k is very small, most of the solute will eventually diffuse into 
the molten zone. 


FORMATION OF p-n BARRIERS BY SIMPLE REMELTING WITH 
TWO SOLUTES 


CONDITIONS For Barrier Formation. Consider a block of semiconduc- 
tor containing uniform concentrations Co, and Coz of solutes, one of 
which is a donor, the other an acceptor. Let Co: be greater than Co2 and 
let ky be greater than k;. Upon remelting, a p-n barrier may or may not 
form at the remelt boundary, depending on the k’s and the Cy’s. A barrier 
will form if k2Co2 > kiCo1, which condition will be achieved only if 


ky 
Cor > Coz > 5, 0 (2) 
2 


Nince Co, > Cos, the original material must be of conductivity type 1 and 
the material just inside the remelt boundary must be of type 2. Since 


46 PREPARATION OF JUNCTION STRUCTURES 


there was an excess of solute 1 throughout the original material, and since 
a deficit of solute 1 exists in the first-to-freeze portion of the remelt zone, 
the conductivity must revert to type 1 during the freezing of the remainder 
of the remelt zone. Hence, if the conditions of equation (2) are met, re- 
melting produces two p-n barriers, a “step” barrier at the remelt boundary, 
and a “graded” barrier in the remelt layer. Fig. 2 illustrates their for- 
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Fic. 2. Concentrations of two solutes, one a donor, the other an acceptor, after 
simple remelting. Remelting produces a step p-n barrier at the remelt 
boundary and a graded p-n barrier in the remelt zone. 


mation schematically. A unique and most significant feature of remelting 
is that the concentrations which freeze out at the remelt boundary are 
independent of the volume of the remelt zone. Thus step barriers of vari- 
ous shapes and sizes but of similar properties can be made from @ given 
starting material by the simple steps of melting and slow refreezing. 


ExecrrrcaL Conpuctivities at THE Step Barrier. The electrical con- 
ductivities, o, and op, at the step barrier will be proportional to the differ- 
ence concentrations (Co, — Coz) and (k2Co2 — kiCo1) on the unmelted 
and remelted sides of the remelt boundary, respectively, and are given by 


oq = (Coy = Coa)eHa (3) 
apm (kgCog = ki Cor em, (4) 





Chapter 2: MetHops oF ImpuRITY CONTROL AND JUNCTION FoRMATION 47 


where the p’s are mobilities, e is the electronic charge, and subscripts a 
and b refer to the unmelted and remelted sides of the barrier, respectively. 
Solving equations (3) and (4) for Co; and Coe to find the required initial 
concentrations to produce desired conductivities o, and o, at the step 
barrier gives 





Cee E + =) (5) 
e(kg — ki) Lb wa ao 

Goi bf) r 
e(kg — ky) lL wa Mo 


While equations (5) and (6) show that, in principle, any desired conduc- 
tivities can be obtained for a given set of k’s, in practice the solid solu- 
bilities of the components will be a limitation. Also, if both k’s are small 
compared to unity, it will not be practical to have oy > oq, as this would 
require that Co, and Coz be large and very nearly equal and hence the 
control of o, would be poor. For germanium, a sufficient range of k’s is 
available for both donors and acceptors (Ref. 7) to permit n- to p- or 
p- to n-conversions at the remelt boundary. 


LocaTION AND CONCENTRATION GRADIENT OF THE GRADED Barrier. It 
is assumed that the remelt zone solidifies by normal freezing and that an- 
other p-n barrier is formed in it by differential segregation. Equations 
for the location and concentration gradient of such a barrier have already 
been derived (Ref. 4). The location, in terms of gy. the fraction solidi- 
fied, is given by 


1 
Jp-n = Lp-n/lo = 1 — rbi-ke) (7) 
where r = kgCo2/kCo1. (8) 
The concentration gradient, d(AC)/dl, is given by 
= (k1—2) 
d(AC) e kyCor(ki — a) eas (9) 
dl lo 


Hence, with the concentrations and k’s of the solutes in the starting 
material, and the length of the remelt zone known, the conductivities on 
cither side of the step barrier and the location and concentration gradient 
of the segregation barrier can be computed. 





REMELTING WITH ADDITIONS 


Many of the advantages of simple remelting will be retained, and others 
oan be gained, if the addition to the remelt zone of solutes not present in | 
(he original material is permitted. Thus, whereas in simple remelting 
(he concentrations in the remelt zone are entirely determined by those in 
the original block, in remelting with additions they are largely independ- 
ont of those in the original block, One method of addition is to place 


solute on the surface of the block, and subsequently to permit it to dis- 
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solve in the remelt zone, when the latter is formed. Upon refreezing, the 
concentrations at the remelt boundary will be the sum of: those arising 
from simple remelting, which are independent of the volume of the remelt 
zone; and the concentrations of added solutes, which vary inversely with 
the volume of the remelt zone. The advantage of remelting with addi- 
tions, as compared with simple remelting, is that greater control over the 
concentrations at the step barrier and the location of the graded barrier 
can be had. 


EXPERIMENTAL RESULTS 


The redistribution of a single solute by remelting is rather strikingly 
illustrated by the following experiment. In a long ingot, containing a 
uniform distribution of solute, a stationary molten zone is produced and 
then, by gradually reducing the temperature, the zone is caused to freeze 





Fic. 3 Radioautograph of a longitudinal section through the remelt zone of a 
germanium ingot containing radioactive antimony. 


progressively from both ends toward the middle. The redistribution of 
radioactive antimony in a germanium ingot by this process, which will be 
named ingot-remelting, is shown in Fig. 3, which is a radioautograph of a 
longitudinal section through the remelt zone. The concentration of anti- 
mony is indicated by intensity, the lighter regions being richer in anti- 
mony. The sharp decrease in concentration at each remelt boundary and 
the increase in concentration in the last regions to freeze, at the center of 
the remelt zone, are quite apparent. The value of k for antimony in ger- 
manium is about 0.004. 

Step and graded p-n barriers have been made by ingot-remelting of 
single crystal germanium and by using as solutes: gallium, an acceptor 
for which k is about 0.1, and antimony, a donor. These solutes correspond 
to solutes 2 and 1 respectively, in Fig. 2. Typical current-voltage curves 
for a step barrier and a graded barrier made from the same remelt zone 
are shown in Fig. 4. These exhibit certain typical characteristics which 
are in accord with p-n barrier theory (Ref, 8) and the known solute 
concentrations in the remelt zone, namely, that the saturation current and 
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forward resistance are lower for the step barrier, and that the saturation 
extends to much higher reverse voltage for the graded barrier. The value 
of the saturation current for the step barrier agrees well with that com- 
puted from the measured conductivities and lifetimes, indicating that the 
barrier approximates an ideal step. The capacitance of the graded 
barrier agrees in order of magnitude with that computed from the calcu- 
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Fic. 4 Current-voltage characteristics of a step barrier and a graded barrier 
produced by simple remelting of a germanium ingot containing gallium 
and antimony. 


lated concentration gradient and varies quite accurately as the 44 power 
of the applied voltage, in accord with theory. The cross-sectional areas 
of the barriers of Fig. 4 are about 0.01 cm?. 

Step and graded barriers have also been produced in germanium by 
techniques of slice remelting and spot remelting. In slice remelting a 
slice of the order of 1 & 1 X 0.2 cm in dimensions is heated in a tempera- 
ture gradient so as to produce a remelt boundary essentially parallel to 
the large faces. By lowering the temperature the solid-liquid interface 
is caused to advance in a direction normal to the large faces, producing a 
normal segregation of solutes in the remelt zone. [A heating technique 
of this general nature, used to produce p-n barriers by a principle differing 
from that discussed here, has been described briefly elsewhere (Ref. 9).| 

In spot remelting a small hemispherical remelt zone is produced by 
heating a very small spot at the surface of a block or slice, and back-frees- 
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ing is made to occur in a radial direction by lowering the temperature. 
For a hemispherical remelt zone, the length of the intermediate region, 
Lp-ny 18 lp-n = 0 — Tp-ny Where ro is the radius of the remelt zone at the 
start of refreezing and r,.,, is the radius of the graded barrier. It is readily 
shown that 


lpn = Toll — (L — Gp-n)). (10) 


Properties of p-n barriers produced by slice and spot remelting were 
comparable to those shown in Fig. 4. Cross sections of slice and spot 


























Fic. 5 (a) Spot remelting (50X). (b) Slice remelting (10x). Cross sections 
showing remelt zones. Etching reveals the step barriers and thereby de- 
lineates the remelt zones. 


remelts appear in Fig. 5, the boundaries appearing therein being step 
barriers revealed by etching. 

By suitable control of experimental conditions, by simple remelting, 
n-p-n transistors have been produced in which a, the current multiplica- 
tion factor, has been greater than 0.9 and collector resistance has been 
greater than one megohm. 


SUMMARY AND DISCUSSION 


The formation and slow solidification of a molten zone in a homogene- 
ous ingot result in a step in solute concentration at the remelt boundary, 
and a gradient in concentration in the remelt zone. On the basis of sim- 
plifying assumptions, the magnitudes of the step and the gradient have 
been expressed analytically. The magnitude of the step has been shown 
to be independent of the volume of the sone, 

By using two solutes having unequal distribution coefficients, and prop- 
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erly chosen initial concentrations, remelting can produce step, graded, or 
n-p-n barriers in a variety of shapes and sizes. Experimental results con- 
firm simple theory for such barriers. 

The remelt technique can have other applications. For example, it 
provides a means of producing a diffusion couple for the determination 
of diffusion constants. The crystal structure across such a couple would 
be essentially continuous, since the unmelted portion serves as a seed, and, 
in contrast to techniques such as welding, a minimum of faults would be 
produced at the junction. In general it provides a simple means of alter- 
ing in discrete regions, such as surface layers, a composition-sensitive 
property of a substance. While this paper has been confined to starting 
materials of homogeneous composition and a particular direction of freez- 
ing of the remelt zone, such restrictions are unnecessary. Moreover, an 
additional degree of control of the concentrations in the remelt zone can 
be had by adding solutes before or during the remelt process. 
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ADDENDUM 
W. G. PFANN 


A number of significant additions to the results given in this paper can be 
made as a result of ideas and experiments that have evolved or that were 
in an incomplete state at the time of its original appearance. These in- 
clude: 1) advantages of the use of boron as an acceptor in germanium 
and 2) rapid freezing of the remelt zone. These will be discussed in turn. 


1 USE OF BORON AS AN ACCEPTOR IN GERMANIUM 


It has been established by W. G. Pfann, D. Dorsi, and H. C. Theuerer 
that, as reported in (Ref. 1), the distribution coefficient, k, for boron in 
germanium is much greater than unity, being about 5 at a growth rate 
of about 1 mil/sec, It had been reported earlier by R, N. Hall (Ref. 2) 
that ’ was greater than one, no value being given, Recently, in a detailed 
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study of k for boron as a function of growth rate, H. E. Bridgers and 
E. D. Kolb‘ (Ref. 3) reported the value 17 + 20 per cent for ko (the 
value of k at zero growth rate). The authors reported also that the 
variation of k with growth rate was in accord with the Burton-Prim- 
Slichter theory of the effective distribution coefficient (Ref. 4). Thus k 
falls to about 2 at 4 mils/sec, the curve for f versus log [1 — (1/k) } being 
a straight line. 

The advantages of using boron in the process known as remelting with 
two solutes, which is described in the foregoing paper (Ref. 5), are sev- 
eral. The rate of change of concentration of the boron concentration, C2, 
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Fic. 1 Concentrations of boron and antimony in germanium during simple re- 
melting. Use of boron makes thinner p layers feasible. 


during normal freezing of the remelt zone, is relatively very large and is 
negative. Hence the second p-n junction can be made to occur very close 
to the remelt boundary, at a low value of g, the fraction frozen. As a 
consequence, thin, accurately controlled p layers are more feasible than 
if ke <1. Here, to use looser language, it is not a case of one curve 
overtaking the other to form a p-n junction in the remelt zone, as when 
k, and ke are both less than unity; it is, instead, a case of one curve mov- 
ing rapidly toward the other. This can be seen analytically from equation 
(9) of the foregoing paper, which gives the rate of change, d(AC) /dl, of 
the excess concentration in the p layer. Fig. 1 illustrates the case sche- 
matically. Note that the per cent of compensation in the unmelted 
region is much less here than for Fig. 2 of the original paper for a given 
value of gp-n, and that the ratio, r = k2Co2/k1Co1, is less critical. 

Another advantage is that the now larger concentration gradient in the 
p layer produces a significant built-in field which accelerates carriers 
from emitter to collector (Ref. 1, 6). 

Practically, growing single germanium crystals with a uniform concen- 
tration of boron and antimony requires an atmosphere substantially free 
of oxygen or water vapor, Zone-leveling (Ref, 7) is a suitable method, 
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Boron can be added to the remelt zone only, as in “remelt with addi- 
tions.” If this is done to a crystal originally uniformly doped with anti- 
mony (or other donor having k <1), a potentially useful interplay be- 
tween the added boron and the already present antimony occurs. The 
significant feature of this interplay is that, for wide variations in thickness 
of the remelt layer—and such variations must be expected in practice— 
there will be a maximum thickness of the p layer. Why this happens 
may be seen, in a general way, as follows. For a given amount of boron 
added, the first-to-freeze concentration of boron will be inversely pro- 
portional to the length, Jo, of the remelt zone, while the first-to-freeze 
concentration of antimony, k1Co1, will be constant. At the maximum 
length, lom, at which a p layer will form at all, lp, and gp-n will be zero. 
For smaller values of lo, gp-n will rise, and so will lp, at first. However, 
as ly becomes very small, even though g,, approaches unity, lp, will 
decrease. 

This can be shown analytically. Let Nz be the number of boron atoms 
added, a be the area of the remelt zone, lp be the maximum length of the 
remelt zone (at start of refreezing), lp.» be the length of the p region. Let 








ky1C 
K= 1001 (1) 
koNp 
= = +0.2. 2 
7 + (2) 


K has the dimension cm~+. (We assume an effective k of 5 for boron.) 
We may write: 


lpn = Uofl — (Klo)”). (3) 


For each K there is a maximum value of lo, denoted lom, at which a p-n 
junction will just form at the remelt boundary. Its value is: lom = 1/K. 
A plot of lp. versus Klp is shown in Fig. 2. Note that a maximum value 
of lp» occurs at about Kly = 0.4, and that the value of this maximum is 
about 0.071. To illustrate, if lom is 0.05 em, K must be 20, and l,., max 
is 0.05 x 0.07 = 0.0035 em. A K of 20 is readily attained. 


2 RAPID FREEZING OF THE REMELT ZONE 


R. N. Hall (Ref. 8) described, in some detail, the principles of making 
n-p-n junctions by “rate-growing.” H. E. Bridgers (Ref. 9) has analyzed 
the process in further detail. A commonly used feature of rate-growing 
is the ‘“‘meltback” operation, in which, by melting back part of a growing 
crystal and then commencing freezing, a step in concentration occurs at 
the meltback junction. The difference in concentrations of a given solute 
just on either side of the meltback boundary (after refreezing) will in 
general be much less than in the simple remelt process of the foregoing 
paper. In certain conditions, namely, fast meltback and immediate fast 
regrowth, the large difference always achieved in the remelt process may 


— also be achieved in rate-growing, 
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At this time, however, we are more concerned with the effects of fast 
refreezing on formation of n-p-n junctions by the simple remelt process. 
These effects were described orally by R. N. Hall and by J. Pankove 
(Ref. 10), and in a paper by Pankove (Ref. 11). While these authors 
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Fig. 2 Plot of ly, the p-layer thickness, versus Kl), where Jp is the thickness of 
the remelt zone at the start of refreezing. The curve is for k of boron 
equal to 5. K is defined in equation (1). 


used somewhat different wording, the effects of rapid refreezing during a 
remelt process may be summarized as follows: 


(a) To produce an n-p-n configuration at all, the rules set forth above, 
and in the preceding paper, must be followed. 

(b) When this is done, the thickness of the p layer will be less than 
that indicated above, and in the preceding paper. This is because 
the thickness of the p layer is now determined, in a sense, by seg- 
regation within a thin diffusion-limited layer in the liquid, rather 
than by a normal freezing type of segregation in the remelt layer 
as a whole. 


Can a pair of solutes produce an n-p-n structure by remelt with slow 
freezing, and yet fail to do so in remelt with rapid freezing? Probably 
not. This is because the solute with the larger value of |1 — k| usually 
shows the steeper concentration gradient in both processes. The fastest 
of all, and the one which can produce the thinnest p layers in germanium, 
is boron. 
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2C. TEMPERATURE-GRADIENT ZONE MELTING * 
W. G. PFANN 


Under certain conditions, a molten zone can be made to move through a 
solid by impressing a stationary temperature gradient across the solid. 
This phenomenon can be utilized in fabricating semiconductive devices, 
growing single crystals, joining, boring fine holes in solids, measuring dif- 
fusivities in liquids, small-scale alloying, and purification. Fundamentals 
and exemplary applications are outlined. 


A new aspect of the travel of a molten zone through a solid is considered 
in this paper. Whereas, in the techniques already described (Ref. 1, 2, 
3, 4), zones were usually caused to move by changing the position or 
temperature of a heat source, in the present technique a zone is made to 
move by impressing a temperature gradient across it. For example, a 
thin layer of molten aluminum-silicon alloy, sandwiched between two 
silicon slabs having a temperature gradient normal to the layer, will travel 
through the hotter slab. One feature of temperature-gradient zone melt- 
ing, as this technique will be called here, is that zones of unusually small 
dimensions can be maintained. This leads to such diverse uses as have 
been listed in the abstract. In this paper fundamentals of the movement 
of a molten zone in a temperature gradient, and some practical applica- 
tions thereof, are outlined. 


ASSUMPTIONS 


The movement of a molten zone through a solid body of solvent sub- 
stance, in which a temperature gradient exists, will be discussed. The 
length of the zone will be its dimension in the direction of motion. The 
direction of the temperature gradient will be toward the region of higher 
temperature. To be considered is a binary, or higher order, solute-solvent 
system, in which the concentration of solute in the molten zone is sufficient 
to produce a lowering of the freezing temperature of the solvent, which is 
at least of the order of the temperature range impressed on the charge. 


* Originally published in J, Metals, Vol, 7, September 1955, 

The author wishes to thank D, Dorsi for much painstaking and fruitful experimental 
awintance, EB, BH, Thomas for informative microscopic work, A, J, Gow, ©, D, 
Thurmond, I, L, Vogel, and J, H, Wernick for helpful eriticiam of the manuscript, 
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While we discuss, primarily, molten zones in a solid matrix, the principles 
are applicable to solid or vaporous zones in a solid matrix, a requirement 
being that the diffusivity in the zone be substantially greater than in the 
matrix. Diffusion of solute into the surrounding solid will be assumed 
negligible. In general, its presence will not basically alter the conclusions 
to be drawn. 

For illustration, a system represented by the partial constitutional dia- 
gram of Fig. 1(a) will be discussed, in which k, the distribution coefficient 
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MOLTEN 
(A+B) 
Fig. 1 Temperature-gradient zone melting scheme shows: (a) portion of phase 
diagram, (b) temperature gradient in system, and (c) physical system 
comprising molten zone containing A and B traveling through solid A. 


defined in the figure, is constant and less than unity. However, the tech- 
nique is applicable to any solute-solvent system in which one component 
lowers the melting point of another component. 


MOVEMENT OF A MOLTEN ZONE IN A TEMPERATURE 
GRADIENT 


Consider, in the system AB of Fig. 1, where B is designated the solute 
and A the solvent, the effect of sandwiching a thin layer of solid B be- 
tween blocks of solid A and placing the whole in a temperature gradient 
such that the temperature of the layer is above the lowest melting tem- 
perature of the system. Surrounded by an excess of A, the layer will 
dissolve A, becoming molten, and expand in length.* As solution of A 
continues, at both interfaces, the mean solute concentration in the zone 
will move to the right in Fig. 1(a), until, at temperature 7, the liquid at 
the cooler interface reaches the liquidus concentration C;. Solution of 
A thereupon ceases, because the liquid 7; is saturated with A. The liquid 


* While this wording may seem to suggest that, in the zone, A is the solute, the 
author will nevertheless hold to the convention stated previously that A is the solvent, 
wherever the term solute or solvent is used, 
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at the hotter end of the zone, being at temperature T's, is not saturated 
with A at concentration C;. Hence solution of A continues there and 
concentration C2 is approached. A concentration gradient therefore is set 
up in the zone, causing A to diffuse toward the cool end and B toward the 
hot end. As a result, the liquid at the cool interface becomes supersatu- 
rated and:a layer of crystalline A containing concentration kC, of B in 
solid solution freezes. Since a source of A exists at the hot end and a sink 
for A at the cool end of the zone, diffusion of A through the zone continues, 
and, as a result, the molten zone travels through the solid in the direction 
of increasing temperature. 


LenctH or Zone. As the zone travels through the temperature gradi- 
ent, its mean composition follows the liquidus and its length 1 is influenced 
by two opposed effects: 

1) Its solubility for A increases as it moves up the liquidus. This effect 
tends to increase |. The tendency for increase in l will be small if the 
slope of the liquidus, d7'/dC, is large and if the concentration of A in the 
zone is small. 

2) Its content of B decreases through loss of B in the frozen solid, 
and hence the amount of A which it can dissolve tends to decrease. This 
effect tends to decrease |. The tendency for decrease in J will be small if 
the solubility of B in solid A is small. 

Thus, | may increase or decrease as the zone travels, depending on 
whether effect 1 or 2 is dominant. 


ComPosITIONAL CHANGES. Consider a molten zone, containing com- 
ponents A and B and traversing a block of solid A, as in Fig. 1. The main 
factor determining the concentration distribution of B in the traversed 
solid is the temperature range in the block. Since the zone advances by 
climbing along the liquidus, and since to traverse the block it must trav- 
erse the range of temperature in the block, it follows that the range of 
solute concentration in the traversed solid will be that corresponding to 
this temperature range on the liquidus multiplied by k. Hence smaller 
temperature gradient, i.e., smaller range of temperature in a given block, 
results in a more uniform solute concentration. However, at smaller tem- 
perature gradient, the rate of zone travel will be lower as well and hence, 
with this particular scheme, a compromise between uniformity and speed 
may be necessary. 

Changes in composition of the zone of Fig. 1 are related to changes in 
zone length in a way which may be seen as follows: if, as the zone ad- 
vances, it enters regions of higher temperature, then the concentration of 
B in the traversed solid Cz must decrease, as is evident from the phase 
diagram. In such a case, the zone length | may increase, remain constant, 
or even decrease. On the other hand, if the zone advances at constant 
temperature, and it is shown subsequently that this is possible, Cp must 
remain constant, even though B is steadily being lost by the zone, This 
is accomplished by a reduction in U at just such a rate as to maintain 
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constant concentration in the zone. This action is quite analogous to the 
method described in Ref. 1 of decreasing | at a linear rate to maintain 
uniformity of solute concentration in a charge of pure solvent being trav- 
ersed by a zone containing solute. A feature of temperature gradient zone 
melting is that such reduction in | occurs automatically, and can, in prac- 
tice, be carried to l = 0. 

One reason for sweeping a zone through a solid is to distribute solute 
in the latter. The desired solute may be a major component of the zone, 
as B in the system AB used for illustration, or it may be an additional 
minor constituent, C, such as a donor or acceptor element desired in a 
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Fig. 2 Sketch shows short temperature gradient produced by heaters at tem- 
peratures 7 and 75. 


semiconductor. In the latter case, the starting charge could be an alloy 
of B and C or of A, B, and C. Here B could serve principally as a carrier, 
producing a molten zone from which C would be distributed. 


Rats oF TRAVEL OF ZoNE. The main factors influencing the rate of 
travel of the zone are: the temperature gradient dT'/dz, the slope of the 
liquidus dT'/dC, and the diffusivity D in the liquid. High travel rate is 
favored by large d7'/dx and D, small dT'/dC. The heat of fusion and 
the thermal conductivity will, in certain cases, affect the rate by their in- 
fluence on the temperature gradient in the zone. If these quantities are 
large, the travel rate will tend to be low. 

The way in which the temperature gradient is impressed on the zone 
can appreciably affect the travel rate. Consider a short temperature 
gradient, produced by external moving heaters with a molten zone in the 
gradient, as in Fig. 2. The zone, in such a situation, would move to the 
right, eventually stopping at the shoulder of the curve at 7's. If, while 
the zone is moving, the temperature gradient is displaced to the right, as 
shown by the dashed curve, then the composition of the zone would rise 
less rapidly along the liquidus than would be normal for a stationary 
gradient. In principle, the zone could be held at one temperature for its 
entire travel distance, This technique has the following important fea- 
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ture: It permits traversal of a charge at the high rate corresponding to 
a high temperature gradient, while at the same time permitting the low 
variation in concentration typical of a low temperature gradient. 

Another means of producing the desired displacement of a temperature 
gradient is to lower the mean temperature of the system as the zone 
advances. 


Suarre oF Zons. Consider a molten zone of more or less rectangular 
cross section, thin in the direction of motion and moving through a solid 
charge of cross section greater than that of the zone, as shown in Fig. 3. 
As the zone travels, surface tension of 
the liquid will tend to make it spheri- 
cal, while crystalline anisotropy will 
tend to make it lie along certain planes 
or directions. Lattice defects, such as 
grain boundaries or dislocations, may 
tend to cause it to move faster at such 
defects, or spread along them. 

In general, however, despite these 
forces, the shape of the zone will tend 
to remain the same in a uniform tem- 
perature gradient, because the temper- 
ature gradient has a stabilizing effect 
on zone shape. In order for the zone to Fic. 3 Diagram illustrates molten 
change its shape, parts of its boundary one of rectangular cross section 
must move with respect to others. But ‘faversing a solid in the direction 
the zone is essentially saturated at its of the temperature gradient. 
sides and tends to be stable there, and 
can move its forward and rear interfaces in but one direction: the direc- 
tion of the temperature gradient. As a result of this stability of form, 
a very thin molten zone, of the order of 10-2 cm or less in length, and 
of the order of 1 cm? or more in area, can be made to travel many zone 
lengths without major change in form. 

If the temperature gradient is not uniform (lines of heat flow being non- 
parallel), a flat zone like that of Fig. 2 will be unstable, and will tend to 
break up or elongate. Practical implications of this are: 1) if a flat zone 
is wanted, the temperature gradient should be uniform and 2) by using 
diverging lines of heat flow, a zone of very small lateral dimensions can 
be produced, since a zone in such a temperature field will tend to elongate 
and to contract laterally. 


MOLTEN 


TEMPERATURE GRADIENT 





APPLICATIONS 


Spmiconpuctivp Devices. Temperature gradient zone melting makes 
possible a new approach to the fabrication of semiconductive devices such 
as diodes and transistors. It has certain advantages over existing tech- 
niques in producing conventional designs and it makes possible new de- 
signs involving complex pen junction shapes, 
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A large-area p-n junction which was made by sandwiching an 0.005-in. 
sheet of aluminum between two 0.1-in. blocks of silicon and placing the 
whole in a temperature gradient is shown in Fig. 4. The alloy layer has 
traveled most of the way through the upper block, depositing behind it 
single crystal p-type silicon having the orientation of the lower n-type 
block which served as a seed. The freezing of the silicon-aluminum eutec- 
tic has resulted in a partial break-up of the originally continuous zone and 
has cracked the neighboring silicon. A feature of the temperature gradi- 
ent technique is that thicker layers can be grown than in the usual alloy 

















Fic. 4 Large area p-n junction was produced by sweeping an aluminum-rich 
zone through upper silicon slab. Original magnification 8X. Area re- 
duced approximately 35 per cent for reproduction. 


technique (Ref. 5, 6) and hence that solidification strains occur far from 
the p-n junction, where they are much less harmful. In practice, the 
zone can be swept to the outer surface of the block, where it can be either 
removed or used as an electrical connection to the swept region. 

Line or dot zones, small in one or two lateral dimensions, respectively, 
can be swept through a block without major change of form. By this 
means, a thin p-type layer or thin p-type rods or lines can be produced 
in an n-type block. Fig. 5 is a cross section of a p-type layer about 
0.006 in. thick, produced by sweeping an aluminum line zone through a 
block of n-type germanium. Penetration rates for aluminum-rich line 
zones traveling through germanium were about 1.5 mm/hr at a tempera- 
ture gradient of about 100°C/cm. 

It has been observed that if the zone is small, ~0.003 in. in one or more 
lateral dimensions as in Fig. 5, the crystal orientation of the block being 
traversed prevails, even if a seed of different orientation is used. This 
self-seeding feature is desirable in making n-p-n junctions, because it 
eliminates grain boundaries which would tend to impair the electrical 
properties of the junction, It should be noted that the pen barrier forms 
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at the side of a line zone, in contrast to the large area barrier of Fig. 4, 
which formed for the most part at the initial location of an area zone. 

A line or dot zone need not travel through a block; it may traverse its 
surface as well if the temperature gradient is imposed parallel to or 
slightly away from the surface. By this means, p-n junctions parallel to 
a surface can be produced. 

A coating of complex shape can be deposited on the surface of a block 





Fic. 5 Thin p-type layer was produced by sweeping an aluminum line zone 
through an n-type germanium block. Cross section was perpendicular 
to line zone. Original magnification 75x. Area reduced approximately 
35 per cent for reproduction. 


and then swept through the block, normal to the surface, to produce in- 
ternal p-n or n-p-n barriers of corresponding form. 

Molten zones will follow the direction of maximum temperature gradi- 
ent quite faithfully. By changing the direction of the gradient as a zone 
travels, it can be made to follow a complex path. 


SincLE CrystTats. From the foregoing, it is clear that temperature- 
gradient zone melting can be used to grow a single crystal; and, in fact, 
temperature gradient techniques, using much larger volumes of liquid, 
have been reported (Ref. 7). Use of a short large-area molten zone for 
this purpose has a number of advantages, among which are: 

1) The apparatus is simple and has no moving parts and even the 
temperature need not be altered. 

2) The volume of liquid is so small that a container is unnecessary and 
contamination and nucleation therefrom are avoided. 

8) Since the volume of liquid is small, since the temperature drop in 
the liquid is small, and since stirring and convection are absent, the proba- 
bility of spontaneous nucleation is minimized, 

On the other hand, a foreign substance will be present in solid solution 
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—although innocuous ones can be used—and excessive temperature gradi- 
ents can cause strains. 


Jorntinc. The method of Fig. 4 may be regarded as a joining method 
in which the molten zone acts as a solder to join the two blocks but, unlike 
conventional solder layers, then migrates through one of the blocks so it 
can be removed. By this means, mechanical, chemical, thermal, or elec- 
trical weaknesses of soldered joints can be eliminated. It should be re- 
membered, however, that a solid solution of the zone solute will be left in 
the traversed block. 

Extremely thin layers can be moved. For example, fractional mil layers 
of gold can be moved through a 100-mil slab of germanium by the tem- 
perature-gradient technique. 


MEASUREMENT OF DirFusivities IN Liquips. It was pointed out by 
Reiss (Ref. 8) that, since convection is negligible in these thin layers, 
transport occurs entirely by diffusion and hence the temperature gradient 
technique provides a method of measuring diffusivities in liquids. The 
flux F of a diffusing component, for example, silicon diffusing through a 
thin aluminum-rich layer, may be written as the sum of two terms. One is 
a chemical term, proportional to the concentration gradient in the layer; 
the other is a thermal term, proportional to the temperature gradient and 
the concentration in the layer. The flux is readily obtained by measuring 
the travel rate of the layer. The concentration gradient, dC/dX, may be 
written as (dC/dT) (dT/dX), where dC/dT is obtainable from the slope 
of the liquidus and dT7'/dX is obtainable from the applied temperature 
gradient and the ratio of thermal conductivities of liquid and solid, which 
must be known or measured. While the process occurs over a range of 
temperature and concentration, these ranges can be small so that a condi- 
tion of constant temperature and concentration can be closely approached. 
There is little basis, theoretically, for predicting whether thermal diffusion 
will aid or oppose chemical diffusion, although calculations based on 
published thermal diffusion coefficients (Ref. 9) indicate that the thermal 
term should be relatively small, of the order of a few per cent of the 
chemical term. However, data obtained by Wernick (Ref. 10), on the 
movement of gold and aluminum-rich zones through germanium and sili- 
con, give diffusivities D in the 10-5 em?/sec range when D is calculated 
from F = D(dc/dX), which neglects thermal diffusion. 


Zone Rerininc. The temperature-gradient technique can be used to 
advantage as a means of zone refining. One or a series of short large-area 
zones can be swept through a solid charge to remove undesired impurities 
(which are not necessarily soluble in the charge). Thin layers of solute 
substance can be stacked between thin layers of charge at the cool end 
of a temperature gradient, and then swept through the remainder of the 
charge. Representative travel rates may be a few millimeters per hr in 
a temperature gradient of the order of 50°C/em. A series of different sol- 
utes, chosen for their selective actions on certain impurities, may be used, 
The choice of a solute in dictated by the need that it be but slightly soluble 
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in, harmless to, or readily removable from the charge substance. Short 
zone length J and short interzone spacing d, which are desirable in zone 
refining, are readily attained with the temperature-gradient technique. 
The method can be used to remove insoluble particles, such as eutectic, 
from an alloy. By heating it above the eutectic temperature in a tem- 
perature gradient, the particles will be caused to form dot zones which 
will migrate to the hottest surface. 


MIscELLANEOUS FasricaTION TECHNIQUES. By advancing into a block 
a wire zone extending entirely through the block and then blowing out the 
molten material, an extremely fine hole can be produced. By heating a 
plated wire by I?R heat and simultaneously cooling it, a radial tempera- 
ture gradient will be set up which can cause the plated material, if prop- 
erly chosen, to migrate to the wire axis. In general, a surface layer can 
be caused to move to the interior or to another part of the surface of a 
solid body. 


SUMMARY 


The simplicity of the temperature-gradient idea, the variety of its pos- 
sible applications, and the fact that it does not appear to have been ex- 
ploited lead to the conclusion that it will be utilized in several fields of 
technology. While it has been discussed here in somewhat idealized 
fashion, sufficient experimentation has been done to demonstrate the 
validity of the basic ideas. 
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Chapter 3 - 
FORMATION OF JUNCTIONS BY DIFFUSION 


In this chapter are presented two papers on the diffusion technique 
for the formation of junctions. 

The first paper reviews the fundamental concepts of solid-state diffu- 
sion and discusses procedures for the calculations of impurity concentra- 
tions based on a knowledge of diffusion characteristics and surface con- 
centrations. This paper concludes with information on source materials, 
surface preparation and methods of junction delineation. 

The second portion of the chapter presents a more technological view- 
point of the source materials, surface preparation, surface doping and dif- 
fusion procedures per se. 


3A. DIFFUSION TECHNIQUES * 
CO. Bo PRESS 


Diffusion as a technique for forming p-n junctions has become of con- 
siderable importance in transistor technology. Diffusion methods make 
it possible to control within very precise limits both the concentrations 
and concentration gradients of significant impurities over very small 
regions of semiconductors.. This chapter reviews briefly the fundamental 
concepts of diffusion in solids, and indicates how they apply to cases of 
particular interest. Diffusion of donors and acceptors from solid and 
gaseous surface sources is discussed. Examples are given to ilustrate 
how the concentration within the semiconductor can be calculated, once 
the diffusion characteristics of an element are known. Both the case of 
the diffusion of a single element and that of the diffusion of a donor and 
an acceptor superimposed on one another are considered. Finally, a 
brief discussion of some of the more practical aspects of diffusion tech- 
niques is given, including source materials, surface preparation, atmos- 
pheres, furnaces, and methods of junction measurement. 


*The author wishes to thank F. M. Smits, C. D. Thurmond, H, B, Bridgers, Jr., 
C. J. Frosch and J, N, Hobstetter for helpful comments and discussions and J. A. 
Ditzenberger and A, J, Pietruszkiewios, Jr., for assistance with the figures, Thanks 
are due A, A. Tartaglia for the photograph of Fig, 12, 
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1 INTRODUCTION 


Diffusion as a method of introducing significant impurities into semi- 
conductors was considered early in the development of the transistor. 
However, it is only recently that there has been sufficient quantitative 
information available, or that the techniques have become sufficiently 
well worked out, for this method to be seriously considered for device 
fabrication. One drawback has been the degradation of carrier lifetimes, 
as a consequence of the heat treatment required for the diffusion. Re- 
cently, however, means have been found to reduce the magnitude of this 
effect. Also, the smaller base-layer thicknesses now obtainable by 
diffusion methods have made the heat effect less important. Thus, the 
inherent advantages of the diffusion methods of preparing junction struc- 
tures—high precision, reproducibility, and flexibility of operation—make 
them attractive additions to the older alloy and grown-junction methods. 

While the diffusion of donor and acceptor elements occurs to some 
extent in the more conventional methods of fabricating p-n junction 
structures, it is usually of secondary importance. In the methods to be 
described in this chapter, however, diffusion plays the dominant role. It 
is useful not only to obtain accurate junction positions, but the desired 
impurity concentrations and gradients as well. Theoretically, the method 
is applicable generally to all types of semiconductors. However, we shall 
confine ourselves in this discussion to germanium and silicon in single 
crystalline form. 


2 PRINCIPLES 


Diffusion phenomena in solids have been the subject of much theoretical 
and experimental investigation. As a result, many useful and basic ideas 
have been developed which make it possible to describe accurately the 
behavior of certain binary solid systems. In the following, we shall dis- 
cuss specific problems in diffusion which are important in semiconductor 
technology. For some of these, satisfactory solutions are possible. For 
others, the boundary conditions are too complicated to solve in detail. 
Nevertheless, approximations can often be made which enable quantita- 
tive results to be obtained. 

Several circumstances simplify the treatment of semiconductors in com- 
parison with other metallic systems. In the first place, we are interested 
almost exclusively in single-crystal semiconductors, so that complications 
such as grain boundary diffusion do not enter. Secondly, since we are 
concerned with extremely small amounts of diffusant at relatively low 
concentration, the variation of the diffusion coefficient with concentra- 
tions may be neglected. Furthermore, because the amounts of diffusant 
are small, the changes in dimensions occurring on diffusion are generally 
able to be neglected and the semiconductor surface can be employed as 
the plane of reference from which to measure the diffusion quantities. 
Finally, we are interested, in most cases, in plane parallel junction struc- 














66 PREPARATION OF JUNCTION STRUCTURES 


tures. Thus, we are able to restrict ourselves to the simplest case of 
diffusion flow in one dimension. 


For convenience, we shall divide our subject into 1) binary systems, in - 


which we shall be concerned with the diffusion of a single donor or ac- 
ceptor element in a pure semiconductor, and 2) multicomponent systems 
in which we shall be concerned with more than one acceptor or donor 
element. We shall attempt to cover all of the cases which appear to be 
of practical importance and to point out, insofar as possible, which 
theoretical situations most nearly fit them. Before doing this, however, 
a brief discussion of the fundamentals of diffusion will be given to assist 
in the understanding of later paragraphs. 


2.1 FUNDAMENTALS oF DirFrusion Processes. In Fig. 1(a) we illus- 
trate a sketch, in cross-section, of one of the simpler examples of 
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Fic. 1 (a) Initial distribution of solute in a solid solution. (b) Concentration 
curves for initial condition (dashed) and after diffusion for a time, f,. 


diffusion, namely, diffusion of a solute from a higher concentration, 
Ne, to a lower concentration, Ni, in a common solvent. We may regard 
the semiconductor as the solvent and a donor or acceptor impurity atom 
as the solute. Initially, at sufficiently low temperature the plane at 
x = 0 separates the concentrated solution on the left from the dilute 
solution on the right. However, if the system is now suddenly raised to 
a temperature, 7’, where diffusion becomes appreciable the solute atoms 
migrate from the concentrated to the dilute solution. After a time, t, 
the change of concentration may be represented in Fig. 1(b), where the 
dashed lines represent the original concentrations. Fick’s first law now 
states that the number of solute atoms migrating per sec through each 
cm? of an arbitrary plane, p, is proportional to the concentration gradient 
at p. In other words, the flow of atoms, j, is given by 


irae eatin 

; dN, 

j=-D = (1) 
p 


where D is the diffusion coefficient in om*/sec, and Ny is the concentra- 
tion expressed as number of solute atoms per em" at the arbitrary plane, 
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Fick’s second law is simply derivable from the first and expresses 
the rate of accumulation of solute impurity at any such arbitrary plane: 


dNz PN, 


die Oo ae @) 








where D is now assumed to be a constant. Equation (2) is of fundamental 
importance in all diffusion work and has been solved for a variety of 
boundary conditions. These solutions are given in standard works on 
diffusion (Ref. 1) and will not be reviewed here except for the following 
cases which relate to our later discussion. The latter all apply to diffu- 
sion into one surface of a semi-infinite slab of solid semiconductor. 


(a) Constant Surface Concentration, One of the most important 
solutions of equation (2) is for the case of constant surface concentration, 
Ng, at the surface of a semi-infinite solid. This is illustrated in Fig. 2(a). 
The boundary conditions are: N, = Ng for all ¢ at x = 0, Nz = Ni for 

=0 at 0O<x< o. Under these conditions the solution of equation 
(2) is 


N,—WN 2 2/2 Di 
Be Ng 8 Si, 
0 


Ne=N,  ° Ae 
= 1 —erf (x/2V Dt) (3) 
= erfe (/2V Dt), 


where erf and erfe stand, respectively, for the error integral and 1 minus 
the error integral (Ref. 2}. Obviously for a pure semiconductor or one 
containing none of the diffusant initially, N; = 0-and equation (3) be- 
comes (Ref. 3): << 


Nz = Ngerfe (2/2 Dt). (4) 


(b) Diffusion from a Reaction Medium. Suppose [Fig. 2(b)] a liquid 
phase is present on the surface of a semiconductor which, through in- 
stantaneous reaction with the latter, is able to provide species at the 
interface capable of diffusion into the semiconductor. Suppose further 
that the rate of equilibration at the surface is rapid, i.e., the rate of 
diffusion into the semiconductor is slow compared to the rate in the surface 
phase, and that an excess of reactants is present. Under these conditions, 
equation (4) is applicable, since, at a fixed temperature, a constant con- 
centration of diffusant is maintained at the semiconductor surface by the 
physical and chemical equilibria. f 

In practice we may distinguish two types of reaction: 1) alloy forma- 
tion and 2) chemical reaction. In the first, the entire surface phase is 
an alloy which, at a temperature 7';, rapidly assumes a concentration, 
N, of donor or acceptor which is fixed by the phase diagram of the system, 
donor-semiconductor or acceptor-semiconductor, The surface concen- 
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tration, Ng, of the solute donor or acceptor in the semiconductor body like- 
wise is fixed by the distribution coefficient k; = N,/Ng, which is constant 
at a given temperature. 

The second type of reaction involves a rapid chemical reaction of a 


t=0 t=t, 
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Fic. 2 (a) Ideal case of constant surface concentration. (b) Diffusion from 
liquid surface phase. (c) Diffusion of a gaseous solute. (d) Instantane- 
ous plane source. 


donor or an acceptor compound with the semiconductor. It is assumed 
that the reaction takes place between a liquid surface phase composed 
of oxide originally present on the semiconductor (SiO2 in the case of 
silicon) and the donor or acceptor oxide employed in the diffusion. At 
a fixed temperature an equilibrium concentration [N1, Fig. 2(b)] of donor 
or acceptor is established in the reaction phase, which concentration in 
turn gives rise to a fixed surface concentration in the semiconductor. For 
example, in the case of the diffusion of antimony into silicon from a sur- 
face oxide phase the reactions may be represented by 


2SbygOy + BSi et ASb + BSiOg 
Sb (reaction phase) @ Sb (semiconductor) 
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Ns = k'\N; 


where k’; is the distribution coefficient. 

Thus, although the detailed mechanisms of the reactions are not known, 
the course of the diffusion may nevertheless be described by equation (4). 
It should be pointed out that although case 1) above always provides 
a fixed value of the surface concentration at a given temperature, it is 
possible in case 2) to obtain surface concentrations below these fixed 
values. This is also possible, at least in theory, for cases (c) and (d) 
to be described below. 


(c) Vanor Source (Ref. 4). The diffusion of a solute into a semicon- 
ductor from a vapor is complicated by processes occurring at the yapor- 
Sond eter er, qureds adsorption end’ chemical resetions al. the mitiass 
leading te tite formation of surface phases impose restrictions on diffusion 
into or out of the semiconductor which make the solution of the diffusion 
equation difficult or impossible. In fact in many instances (for example, 
at low surface concentrations) little correlation between the pressure 
of the vapor and surface concentration in the semiconductor is observed. 
If the diffusant pressures are sufficiently low and no intermediate surface 
phases form, it is possible to set boundary conditions for equation (2) 
for which it can be solved. 

Obviously the surface equilibrium with the vapor cannot be instan- 
taneous. However, if the surface equilibrium is achieved in times short 
compared to the diffusion times, the problem is described sufficiently well 
by equation (4). 

If, however, the approach to equilibrium is relatively slow at the sur- 
face, the boundary condition employed in arriving at equation (4) must 
be modified. There will be a rate limitation at the surface, under these 
conditions, such that there will be a finite flow across the surface if a 
difference exists between the actual surface concentration and the equi- 
librium concentration, N,. Taking the flow proportional to this difference, 
the boundary condition (Ref. 5) at the surface is 





ON. 





D =\K(Ng — N.),| (5) 


Ox z=0 


where K is a constant describing the rate limitation at the surface and 
the other symbols have the same meaning as before. 
The solution of equation (2) for this case is: 


N(y, 2) = Ni + (Ne — Ny)lerfe y — e**+* erfe (y+z)], (6) 


where N(y, 2) is the variable concentration of solute, N, is the initial, 
uniform solute concentration, V, is again the equilibrium concentration, 


y = «/2V Dt and ¢ = K Vt/D, Tt is evident that equation (6) leads to 
equation (3) for ¢ KV (/D — @, 
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It is well to emphasize that the rate limitation mentioned above de- 
scribes a property of the semiconductor surface. Depending upon the 
specific nature of the diffusion system, we may introduce an additional 
external rate limitation. For example, in diffusing a donor or acceptor 
out of a semiconductor into a vacuum, K will have a value characteristic 
of the surface. On the other hand, such a diffusion outward in an evacu- 
ated sealed tube of small volume, all maintained at the constant temper- 
ature of diffusion, will cease as soon as an equilibrium pressure is es- 
tablished in the tube. Under these circumstances we may regard K as 
being effectively infinite. 

Finally, it is evident that in vapor diffusion as in case (c) discussed 
above, control of Ng below its saturation value is possible. Needless 
to say, such control is of great importance in semiconductor device tech- 
nology. Fig. 2(c) illustrates this case. 


(d) Instantaneous Plane Source. Suppose that a limited number of 
solute atoms, Q/cm?, is evaporated onto one surface of a semiconductor 
initially free of solute and subsequently diffused for a time ¢ sec at a 
temperature 7’ all of the solute entering the semiconductor. The latter 
condition implies that the effective rate constant for such a system, as 
discussed in the previous section, must be zero. Then solution of equation 
(2) provides the concentration, N,, at any plane parallel to the surface 
and at a distance x cm from it: 


Nz = Q(nDt)™ exp (—x"/4D1), (7) 


where D is the diffusion constant in cm?/sec. N, as before is expressed — 


in number of atoms/cm’. In practice the quantity of solute initially 
present is determined by weighing or by means of radioactive tracer 


techniques. A boundary condition corresponding to KVt/D = 0 is as- 
sumed to hold during the diffusion. Fig. 2(d) illustrates this case. 


(e) Time-Dependent Surface Concentration. Sometimes it is neces- 
sary to consider not a constant surface concentration of solute, but one 
which varies with time. A number of such cases are treated in the litera- 
ture which interested readers should consult (Ref. 6). 

Of most practical interest are those instances in which successive diffu- 
sions inward or outward are made. Thus, two donor elements may be 
diffused, one for atime, t1, at a fixed surface concentration, N1, and the 
other for a time, t; + ts, at a surface concentration, No. If we know the 
penetration curves corresponding to the individual species, the total donor 
curve is obtained simply by adding the ordinates. of the curves pers 
posed in time. 

Furthermore, it_is useful to bear in mind that _inward-diffusion_of an 
acoaptor iy alerisoally the equivalent to outward ‘diffusion of a donor and 
vice Versa. Also, inward diffusion of an acceptor may conveniently be 
plotted as a negative donor concentration against distance in cases where 
the excess donor curve or excess acceptor curve is desired, Further ex- 
amples of this superimposition principle are given later in this chapter, 


2.2 Hanon ov Tompnrarunn ON Diueruaton, From the diseussion above 
it in neon that the equilibrium surface concentration, V4, and the diffusion 
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constant, D, are basic parameters in determining solute concentration as 
a function of time and distance in a semiconductor. Both N, and D, 
however, are strong functions of temperature and it is often important 


* 
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Kia, 3 Diffusion of donor and acceptor elements into germanium by p-n junc- 
tion method. 


to know the temperature dependence of these quantities. Since N., as 
we have seen, depends upon many factors, it is usually necessary to deter- 
mine its temperature dependence empirically for each case of interest. 
The temperature dependence of D, on the other hand, is given by the gen- 
oral diffusion equation 


D = Do exp (= ~ 4H/RT) (8) 


a: éhk 
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where Dy is a constant, AH is the activation energy for diffusion in calo- 
ries, R is the gas constant taken as 1.99 cal/deg, and T is the abso- 
lute temperature. 

Values of AH and of Do are known for a number of elements in ger- 
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Fic. 4 Diffusion of donor and acceptor elements into silicon by p-n junction 
method. 


manium and silicon. Plots giving D as a function of the reciprocal of 
T (°K) are shown in Figs. 3 and 4 for germanium and silicon respec- 


tively. The activation energy for — 
ev) /mole for most i about 80-100 K 


ev)/mole for most_elements in.germanium and. - 
4.$-ex1_for most elements my aiCon Values of Ny vary, depending upon 
the nature and amount of the sant employed, A summary of the 
available resulta pertaining to diffusion of donor and acceptor elements 
‘ailieon ia wiven in ‘Table 1 at the end of thin paper, 
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3 BINARY SYSTEMS 


3.1 UniateraL Dirrusion. For many devices, such as diodes, rec- 
tifiers, limiters, and photocells, p-n junctions of special characteristics 
are desired. Equation (4) enables us to calculate the concentration of a 
donor or acceptor which has been diffused into the semiconductor at any 
distance z, provided the diffusion constant D for the system, the equilib- 
rium surface concentration N,, and the time and temperature of diffusion 
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Fic. 5 Idealized penetration 

curves of acceptor N, diffusing 

under constant surface concentra- 

tion N, into semiconductor con- 

taining Np donor atoms per cm. 

A p-n junction occurs at distance 
b where Ny = Np. 


Fic. 6 Plot showing change 
in excess acceptor, N, — Np, 
and excess donor, Np — Ny, 
concentrations as a function 
of distance for the penetra- 
tion curve of Fig. 5. The p-n 
junction is at b. 








are known. Generally, however, the semiconductor must be doped with 
fixed concentrations of solutes of opposite impurity type to that being 
diffused. Such doping, unless it is very heavy, does not affect the solute 
diffusion rate. It must, however, be taken into account in calculating the 
excess hole (V4 — Np) or excess electron concentration (Np — Ny) * as 
function of distance, which are the quantities chiefly of interest to the 
device engineer. 

Fig. 5 shows, for a typical example, the diffusion of an acceptor of 
known diffusion constant into a semiconductor containing Np donors per 
om" (assumed to be non-diffusable) + after a time ¢, at a temperature 7}. 
Vig. 6 shows the corresponding net hole and net electron concentrations. 
The p-n boundary occurs at « = b where Ny = Np. Unless the surface 
concentration NV, is known, the absolute values of Ny = f(x) cannot be 


* Complete ionisation of donors and acceptors is assumed, 
1 This awumption is nearly alwaye fulfilled in cloned ayatema, provided there in no 
chemical reaction between olutes, 
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determined. However, we generally know Np sufficiently accurately 
from the resistivity p, and the electron mobility pn: 


ogee Ley 
Np = (9) 
SS GPnkn ‘ 





where q = 1.6 X 10-1® coulomb. Hence, if we know the distance of the 
p-n boundary b, N, is easily calculable from equation (4), taking Ni = 0, 
since NV, = N4 = Np at this point. 

Very often we desire to know the time and temperature necessary to 
give a p-n boundary at a certain distance from the surface, having values 
of D given. Unless N, is k i with precision. In 

j s; however, where,as_is generally the case,N,is_between 


most_instances;-ho 
108 to 10° times greater than the a-at the boundary, N>, the. 
Simple expression - 
(10) 


|p = 54vDi_ Vv Dt_| 


gives results which are within about +10 per cent of the true values. 

When the same diffusion technique is being used at a fixed temperature, 
it frequently is convenient to employ the results of a test run to determine 
what subsequent time ¢ is required to obtain a precise boundary distance. 
This distance is generally proportional to the Vt with good accuracy. 
Thus, if x, is the distance for a diffusion time ft, the time to reach %2 is 
simply given by te = 227t1/x1?. 

3.2 BivareraL Dirrusion. For some devices it is useful to employ 
diffusion to form p-n junctions on two sides of a thin specimen. If we 
have a slab of thickness, a, in which the initial concentration of a solute 
(let us say, a donor) is zero, then it is of interest to be able to determine 
the concentration as a function of distance through the slab. For the case 
of a constant surface concentration, Nz, the solution is 


4 1 3rx 1 5ax 

N,=N, E —— (er sim Se win SES ott? cin +...) 

Tv a 3 a 5 a 
rDt 


a? 





where Y is defined as 


In the vicinity of the slab midpoint for Y = 1 and Y = 0.3 respectively, 
the following simplified equations hold: 





2 
Nz = N,(0.531 + 0.578) (= ‘ :) (11) 
Yul’ 
2 
Ny = N,(0.06 + 1.16) (= - 1) (12) 
a/2 Y=0.8 





A plot of these is shown in Fig, 7 (Ref, 7), 
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It is also possible to treat the bilateral diffusion case by summing up the 
penetration curves [given by equation (4)] for each side of the slab. 
Unlike the structures to be next described, bilateral diffusion always leads 
to symmetrical doping. 


4 MULTICOMPONENT SYSTEMS 


4.1 GenERAL ConsipErATIONS. Although no adequate diffusion theory 
exists for multicomponent systems, the diffusion of two or more solutes 
in semiconductors is simplified by the relatively low concentrations which 
generally prevail. Even at the surfaces where high concentrations may 
exist, the interaction between sol- 
utes is small because of the high 
temperature required for diffusion 
(Ref. 8). The present treatment 
does not attempt to take these 
interactions into account, but we 
aims to discuss the diffusion of . 
donors and acceptors in the same 0.53 
semiconductor medium as if no 
interactions of any kind were 
present. This treatment seems 
entirely adequate for many pur- 


poses. 
Inasmuch as donor and accep- oes 
tor elements generally show dif- 0 59 lacie 4 


ferent diffusion rates in semi- 

conductors, it is possible, when Fic. 7 Variation of NV,/N, with dis- 
the surface concentrations are tance for bilateral diffusion in slab of 
properly adjusted, to produce thickness a. Y = «*Dt/a?. 
multiple junctions by diffusing 

from the vapors of the two elements at the same time. In germanium, 
donor elements have higher diffusion coefficients (at the same tempera- 
ture) than acceptor elements of the same row of the periodic table. Thus, 
arsenic has a diffusion constant of 4 * 10-11 em?/sec at 845°C, whereas 
that for indium is 4 x 10-12 em2/sec. By the simultaneous diffusion of 
arsenic and indium into p-type germanium of the proper resistivity it is 
therefore possible with control of the concentrations at the surface to 
produce p-n-p structures. 

In silicon, some acceptor elements, notably aluminum and gallium, dif- 
fuse more rapidly than do the corresponding donor elements at the same 
temperature. The latter, however, show higher solubilities. When such 
donor and acceptor elements are diffused simultaneously into n-type sili- 
con of the proper resistivity, it is possible to produce n-p-n junctions. 
Since the n-p-n structures in silicon have proved to be of considerable 
interest for the fabrication of high frequency transistors, we shall empha- 
size these in our discussion, 

It in likewise possible to produce junction structures by differential 
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outward diffusion of significant impurities. In this case, the proper donor 
and acceptor elements are added to the crystal during growth. The quan- 
titative treatment of this case parallels that already given above for the 
inward diffusion of impurities. However, it is often difficult to establish 
reproducibly the boundary conditions in practice and the effects of re- 
strictions at the surface must be considered. Outward diffusion methods, 
except possibly in special instances, are of secondary interest and will not 
be elaborated upon here. It is also evident that other applications of 











X— 


Fic. 8 Idealized plot of simultaneous penetration curves for a donor Np and an 
acceptor N, into semiconductor containing Npy° donor atoms per cm, 
p-n junctions occur at b, and bo. 


multiple diffusion can be made, such, for example, as in the so-called 
“internally diffused junctions” in which diffusion structures are developed 
by thermal treatment of specially grown crystals (Ref. 9). These are 
outside of the scope of this chapter and the reader is referred to the 
current literature for detailed information. 

A number of techniques have been employed successfully to form mul- 
tiple junctions in silicon by diffusion. The most important methods in- 
volve: 1) Simultaneous diffusion from Group III-Group V intermetallic 
compounds, and 2) successive diffusion from donor and acceptor ele- 
ments or their alloys or compounds, particularly the oxides. Procedure 
(1), while simple, does not allow adjustment of the concentrations or 
temperatures independently. Method (2) is therefore generally pre- 
ferred. It is usual to diffuse the slower diffusing element (the donor) first 
since otherwise it is difficult to control the concentration curve of the 
faster diffusing element (the acceptor), One way of maintaining better 
control is to have both elements present during the second diffusion, 
Where the concentrations can be controlled independently of temperature, 
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diffusions at two different temperatures provide a useful control of the 
diffusion constant so that considerable variation in the procedure is pos- 
sible. Even when the diffusion coefficients of donor and acceptor are the 
same, different times may be used. Inasmuch as the details of the tech- 
niques will be given elsewhere in this volume these will not be elaborated 
on here. 

4.2 Tueory. As already mentioned we may secure fairly good agree- 


ment with observations if we assume that each element diffuses inde- 
pendently. We shall now examine what concentration relationships should 


Npo-Na-—~> 








xo 
lia. 9 Plot of excess donors and excess acceptors as a function of distance cor- 
responding to Fig. 8. 


obtain for different diffusion coefficients and different surface concentra- 
tions. We shall assume we are dealing with case (a) of Par. 2.1, i.e., 
constant surface concentrations of the diffusing elements, so that equation 
(4) is applicable. 

Fig. 8 illustrates this situation. Here curve Np represents the concen- 
tration of the donor which is assumed to be more soluble and slower dif- 
fusing than the acceptor shown by curve N4. Curve Np° gives the con- 
stant concentration of donor in the base semiconductor. It is evident 
that the first p-n boundary occurs where the total donor curve (sum of 
Ny» and N>° intersects the acceptor curve. The deeper boundary occurs 
where the acceptor curve intersects the doping curve, Np°. These points 
are designated on the figure by b; and be respectively. Fig. 9 is a plot 
of Np — Ny against distance through the n-p-n structure of Fig. 8. The 
slope of this curve in the p- or base region is a measure of the built-in field 
oxisting in this region, It is evident that the field is such as to drift elec- 
trons to junction by over that portion of the base lying to the right of the 
curve minimum, This aiding field is one of the important advantages of 
base layers formed by diffusion, From Fig, 9 it is evident that a small 
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retarding field may be present over the left half of the base region (Ref. 
10). It is obviously desirable to keep this field as small as possible. 


4.3 CALCULATION OF PENETRATION Curves. It is possible from a knowl- 
edge of the diffusion coefficients, the times of diffusion, the original donor 
content of the silicon and the p-n junction distances to calculate the 
concentrations of each solute element as a function of distance. Actually 
quite precise junction measurements are needed in order to obtain good 
results, but even order of magnitude values are often useful. An example 
of such a calculation is given below. 

Suppose we carry out a multiple diffusion into a specimen of n-type 
silicon of 4.2 ohm-cm resistivity. This corresponds (» = 1325 em?/ 
volt/sec) to Np® = 1.1 « 10% donor atoms/em*®. Antimony is diffused 
from the oxide for 90 min, followed by aluminum from the metal for 60 min 
at 1250°C. The positions of the p-n junctions, 6; and be, are found to be 
0.00041 and 0.00110 cm below the surface, respectively. From the latter, 
the value of Np°® above, and the diffusion coefficient for aluminum of 
2.0 * 10-11 cm?/sec, equation (4) gives N, for aluminum = 2.5 x 1017 
cm, From this value, using the same equation, we can determine the 
aluminum concentration at the first junction (b,). Since the antimony 
concentration at b; is equal to this aluminum concentration minus the 
concentration of fixed donors, we are able, with the diffusion coefficient of 
antimony of 8.0 x 10-18 em?/sec, to calculate N, for antimony as 
1.3 x 102° cm~8 and therefore the penetration curves, N, as a function 
of zx, for both aluminum and antimony. The constants in this example 
are approximate only. 


It_is evident_that_knowing the concentration curves as a function of 
distance also enables us to calculate, with the-aid of the proper carrier 
mobilities, the resistivities in the respective parts of the strueture-—The 


gradients of | the ‘concentrations, ‘also available from the curves, are addi- 


tional i i rts ice design. 
nalogous calculations to those given above can be made for successive 


diffusions in which a donor is first diffused from an instantaneous source, 
Q, of donor, followed by diffusion from a constant surface concentration 
source, N,, of acceptor. In this case, following the same procedure, 
the calculation of the concentration at boundary, bi, leads to the deter- 
mination of Q, the initial quantity of donor per cm? from equation (7) 
and so to the required donor concentration curve. Analogous considera- 
tions to those discussed above for n-p-n structures apply to p-n-p mul- 
tiple junctions. 


4.4 INTEGRATION OF THE DistTRIBUTIONS. For some purposes it is 
desired to know the total amount Q diffused into a semiconductor after 
a time, f. 


Q -f N,z dx. (13) 


For the case of constant surface concentration [cases (a) and (b) of Par, 
2.1 [this is simply 





Chapter 3: ForMATION OF JUNCTIONS BY DIFFUSION 79 
es oO 
Q=N, av Dif erfe 6 dB 
0 
= 1.138NsV Dt. (14) 


For diffusion from the vapor [case (c) of Par. 2.1] with small values of 
K, and no initial solute present, 


Q = N.2V Dt |-- 54 — *exfe2) |, (15) 
Tv 

for the inward diffusion. Here N, is the equilibrium concentration and 
z= Kv/t/D. The total amount of solute diffused out is given by equa- 
tion (15) in which N, is replaced by N,, the initial uniform solute concen- 
tration (Ref. 4). 

The total amount of solute or, more important, of excess donor or ac- 
ceptor in a multiply-diffused layer requires a more complicated calcula- 
tion and will not be given here. 


4.5 Practica, Aspects. In the foregoing we have assumed that each 
diffusing species acts indepéndently and that their diffusion coefficients 
are independent of concentration. In practice, however, concentrations 
are met where interactions between donors and acceptors may occur and 
the simple treatment outlined is not applicable. Furthermore, the surface 
boundary condition may vary from element to element. Under these 
conditions it is not possible to calculate the concentration-distance func- 
tions. Furthermore it is difficult, because of the small distances, to deter- 
mine these by measurement. Sometimes the device characteristics are 
the only parameters which provide information on these basic variables. 

In spite of the lack of a straightforward means of calculation, however, 
it is possible to work out procedures which consistently produce multiple 
diffused junctions to close tolerances. This is possible because the chief 
variables of temperature, time, and sample doping are subject to precise 
control, and although the control of the amount of source matérial is more 
difficult, this factor, as mentioned previously, is less critical. 

For p-n-p structures in germanium, gallium and indium are the more 
useful acceptors; arsenic and antimony the more useful donors. In n-p-n 
structures, silicon, aluminum, and gallium are perhaps more frequently 
used with arsenic or antimony. However, indium and also bismuth pro- 
vide less highly doped structures. The choice of the resistivity of the 
original semiconducting material is determined by the concentration levels 
which can be reached by the faster diffusing solutes as well as by the 


widths of junctions required. Very—often.an_increase in’ temperature 
(cau using greater surface solubility). will compensate-for a decrease in 
SE ee ee As mentioned, the first diffusion is 
gonerally that of the slower ing solute and usually the heating during 
the second diffusion need not be considered in determining the first, By 
carrying out trial runs in which the junction positions and properties are 
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determined, it is possible to make calculated adjustments to obtain the 
required structure geometry. Once this is found, the same procedure 
will duplicate the results closely, provided the variables are controlled 
within adequate limits and provided contamination is not introduced. 


5 DIFFUSION TECHNIQUES 


There are many variations in the application of diffusion techniques 
to the production of p-n junction structures. Not only is it possible to 
employ a variety of source materials, but these may be applied to the 
surface in different ways. The purpose of this section is to provide an 
outline of some of the methods which have proved to be most useful in 
the laboratory. It is not our aim to discuss production procedures since 
these are treated elsewhere in this volume. 


5.1 Source Marsriats aNnD THEIR APPLICATION. The most useful ele- 
ments for junction production in germanium and silicon are the acceptors, 
boron, aluminum, gallium, indium, and the donors phosphorus, arsenic, 
antimony, and bismuth. Table 2 (see end of this paper) gives some 
pertinent properties of these elements. The elements may be employed 
directly as their vapors or as films of the elements deposited on the surface 


of the semiconductor. Or they may be employed in the form of com-: 


pounds, either as their vapors or as films. For certain devices it is suffi- 
cient simply to alloy the elements and to diffuse them from the alloyed 
regions. However, it is important to avoid alloying in most applications, 
especially those in which junctions are desired close to the surface.. The 
elements behave differently with regard to alloying, as Table 2 shows. 
Furthermore, alloying makes it impossible to lay down other junctions 
on top of the diffusion layers since the surface is generally too highly 
doped. 

To avoid the objectional features of alloying it is therefore necessary 
either (a) to restrict the vapor pressure of the elementary source material, 
(b) to employ an evaporated film so thin that it acts effectively like an 
instantaneous source, or (c) to employ the elements in the form of com- 
pounds which react to a limited extent with the semiconductors. 

The first method (a) has many variations: the vapor pressure may be 
regulated 1) by maintaining the source elements or compounds containing 
them at fixed temperatures lower than the diffusion temperature and by 
restricting the flow of vapor, 2) by using the elements in the form of solu- 
tions or alloys in which only a relatively small concentration of donor or 
acceptor is present, and 3) by dilution with inert carrier gases. In method 
(2) germanium-element solid solutions or alloys have proved useful, for 
example, in the fabrication of the diffused-base germanium transistor 
structure. Method (3) is well adapted to continuous or batch production 
using donor or acceptor elements or their compounds in various carrier 
gases, Moist or dry Oy, No, Hy, or He can be used, depending upon the 
nature of the diffusion layers desired, Useful selective masking effects 
are also possible with this procedure (Ref, 11), 

Method (b), above, involving the deposition of a limited amount of 
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elementary donor or acceptor metal, is feasible under certain circum- 
stances. However, the amount of material is so small as to be difficult 
to control. Thus, only 10 atom layers diffused to a depth of 0.001 cm 
would provide a total concentration of about 10!8/cm’. For this reason 
this method is not very well developed as yet and the third method (c), 
in which chemical reaction at the interface provides the control of con- 
centration, has been more widely used. 

For this purpose compounds of donor or acceptor elements may be 
employed as vapors which react directly with the semiconductor, such as 
certain oxides and halides; or solid compounds may be deposited on 
the semiconductor surfaces which then react. The donor and acceptor 
oxides in particular are very useful as source materials on silicon. They 
may be evaporated on the surface and heated alone or they may be 
applied in admixture with inert oxides like CaO, NagO to provide vitreous, 
wm situ, source materials. Glasses offer masking possibilities such that 
diffusion can be restricted to certain areas of the semiconductor surface. 
In some instances, donor or acceptor compounds may be thermally de- 
composed so as to provide minute surface amounts of the elements for dif- 
fusion. The boron hydrides are an example. 


5.2 Dirrusion Procepures. As already indicated the diffusions are 
carried out by heating germanium or silicon in the temperature range 
between the melting points and about 200°C below the melting points. 
As in the application of the diffusion source materials, a variety of proce- 
dures may be used. These may be conveniently divided into procedures 
in which the heating is done (a) in sealed evacuated quartz vessels or con- 
trolled vacuum systems, (b) in open tubes in inert gas at atmospheric 
pressure, (c) in open tubes using deposited layers, and (d) in vacuum 
under low partial pressure of diffusant. In method (a) the temperature of 
the germanium or silicon and the source material are generally maintained 
the same. Elements, alloys, or compounds are employed as the source 
materials. In (b) the source material may be held at a different tempera- 
ture than the semiconductor. In (ec) the source material is deposited on 
the semiconductor at low temperature and later diffused at high tempera- 
ture. Deposition of donor or acceptor oxides prior to diffusion may be 
carried out by direct evaporation in vacuum or by various coating pro- 
cedures. Vacuum techniques (d) will not be discussed here. Fig. 10 illus- 
trates the methods above. 

When successive diffusions are employed, the procedure in each dif- 
fusion may be the same as described above. Sometimes, however, there 
is an advantage in varying the procedures in the two diffusions. It is 
important in successive diffusions that the surfaces be carefully cleaned 
of traces of the first source material before starting the second diffusion, 

When carrier gases are employed, dry nitrogen or helium is often satis- 
factory, The chemical activity of dry hydrogen toward silicon and ger- 
manium makes it less useful as a carrier gas, When oxides are carried 
it is often desirable to add water to the nitrogen gas usually employed, 
It is evident that close attention to gas purity is necessary to insure that 
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gaseous donor or acceptor elements other than those desired are not car- 
ried into the system. 


5.3 Surrace Prepararion. Needless to say, the choice of single crys- 
talline semiconductor material is as important for diffusion junctions as 
for other types. The surface preparation, especially for high-frequency 
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(b) 
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Fic. 10 Diffusion processes: (a) sealed tube method; (b) open-tube method; 
(c) deposition method. 


structures in which the junctions are close to the surface, is of even 
greater importance. The details of preparation vary, but a few general 
. rules may be given here. The extent of surface damage due to diamond 
cutting has been shown to be often as high as-a few mils. It is therefore 
necessary to lap such cut surfaces to remove this damage and not intro- 
duce more. This involves successively finer lappings after the cutting. 
The final lap should be at least on #600-mesh or finer, the wet abrasive 
paper being preferred. An etch after the lapping is essential for surface 
devices, but not for rectifiers where the junctions are deep, The use of 
mixed nitric and hydrofluoric acids regulated in composition to provide 
a smooth, polishing etch, with vigorous agitation during the etching, is 
° 
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recommended. For precision junction work it is recommended that grind- 
ing be done by machine, using progressively finer abrasives. A final lap 
on wet abrasive paper is preferred. Often a repetition of the lap-and-etch 
treatment on the same surface gives superior results. 


5.4 TEMPERATURE CONTROL AND Furnaces. Because of the strong 
dependence of the diffusion coefficient on temperature it is important to 
have adequate temperature control. Usually plus or minus a few degrees 
centigrade is sufficient for most purposes. For germanium, resistance- 
wound furnaces (Nichrome) are satisfactory. Platinumfurnaces are all 

















Fic. 11 Apparatus used for diffusion from gaseous compounds. 


right for laboratory work with silicon, but Glo-bar types are superior if 
much work is to be done. For precise temperature control and measure- 
ment in the silicon diffusion range ( °6) losses due to radiation 
must be guarded against. Ceramic blocks should be used to minimize end 
losses. Ghromel- thermoelements are satisfactory for germanium 
work, but Peer ennon (10 per cent rhodium) are recommended 
for silicon. Couples should be checked frequently for accuracy, particu- 
larly the platinum couples. 

Tube materials may be ceramic, but preferably are of quartz. If 
ceramic tubes are used with flowing vapors, care must be taken to insure 
that no donor or acceptor contamination arises from the tubes. Similarly, 
organic tubing and other piping should be tested for its cleanliness. Thick- 
walled quartz is good up to 1350°C or even above for short times and 
occasional rotation of the furnace tube will avoid sagging. Pure quartz 
is the preferred support material where slabs are heated in open furnaces, 
Since both germanium and silicon are subject to deformation at high 
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temperatures, care in supporting the samples is necessary. A photograph 
of a typical laboratory furnace is shown in Fig. 11. 


5.5 TECHNIQUES OF JUNCTION MraSuREMENT. The familiar rectifi- 
cation probe method may be employed to locate the positions at the junc- 
tions in diffusion structures. However, especially for very small layer 
widths, it is necessary to grind at an angle of 5-10 deg in order to get 
sufficient precision. In addition, the probe method is rather tedious if 
precise measurements are to be obtained. The use of barium titanate sus- 
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Fig. 12 Microphotograph of a stained n-p-n junction structure produced in sili- 
con by double diffusion from aluminum and antimony oxides. Mag- 
nification of original approx. 2500. Area reduced approximately 40 
per cent for reproduction. 


pensions with back-biased junctions is useful (Ref. 12) since it outlines 
the junctions for microscopic examination and measurement. It too, 
however, is not very precise for very small junction spacings and re- 
quires application of a potential. Various staining and electroplating 
techniques have also been applied to both germanium and silicon. The 
following is one, usable with silicon only, which is rapid and requires 
no applied potential. 

The specimen containing the layers to be measured is ground on a fine 
abrasive on plate glass in a fixed jig angled so as to cut the surface at 
5 deg. No. 600-Carborundum is used first, then American Optical Co. 
#303.5, and finally Linde Air Prods. Co. Type A. Water is used as the 
grinding medium. When the necessary polish has been achieved, the 
specimen is stained with a drop of a solution consisting of 0.1 to 0.2 ml of 
69.5 per cent nitric acid in 100 ml of 48.5 per cent hydrofluoric acid, The 
solution is allowed to remain on the junction only long enough to produce 
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the desired junction definition, after which it is quickly rinsed off with 
water. The p layers stain dark compared to the n layers. The junction 
Bo eee eer ay ee eee ote ae eee be 

éasured best by means of a Micrometer microscope fitted with a vertical 
{Tiuisiaior aithehmert, ” Baselaver widths as small ag 0.1 mil have been 

etermined to about +0.01 mil by this method. Fig. 12 shows a photo- 
micrograph of a stained-n-p-n structure prepared according to the fore- 


a. 
goin es. 
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TABLE 2 
Melting point, 
°C 2300 815 t 631 271 
Boiling point, 2550(?) Subl. 1380 1490 
°C 610 
At. wt. 74.91 121.76 | 209.00 
Density, 20°C 5.7 6.6 9.8 
Covalent 1.21 1.41 1.52 
radius, A 
B.p. oxides Subl. Subl. dec. 
(M203) (°C) 193 1550 >875 
B.p. chlorides 130 221 447 
(MCs) (°C) 












* White P. 

¢ 36 atm. 

tt Lower oxide volatile. 
** P4Oh0. 


ADDENDUM 


Since the preparation of this Chapter, a number of important articles 
have appeared on diffusion which are of interest to semiconductor engi- 
neers and research workers. Table 1a (below) summarizes information 
taken from some of these publications. 

Results on InSb have been reported by two different sets of investi- 
gators. (References 1 and 2.) These are in considerable disagreement 
so that both sets of results are given in Table la. Such large differences 
can only be attributed to error, or to wide variations in the material used. 
This in reference (1) was single crystal and in reference (2) “coarse” 
polycrystalline. Thus grain boundary diffusion could have played a part 
in the latter. 

Other results in Table 1a cover similar work to that given in Table 1, 
but are included for completeness and because some are more precise 
than the older measurements. 





TABLE la 


—— o?h 





























Semi- | Diffus- 
conduc- | ing Ele- | Do (cm?/sec) AH (Kcal) N, Max (cm~) Type Refer- 
tor ment ences 
InSb In #k 0.05 41.8 — — |) 
Sb 2k 0.05 44.6 _ — |(1) 
InSb In 43 1.8 x 10~° 6.5 _— — |(2) 
Sb 83 1.4 x 10-* 17.3 — — |(2) 
Tesi 1.7 X 1077 13.1 — n | (2) 
GaSb | Ga*k 3.4 X 103 72.6 — — | (1) 
Sb | 34 X 10! 79.4 a me 
PbTe | Tet® | 2.9 x 10-5 13.8 Ss. n |(3) (4) 
GaAs | Cusé : $ 10'° (1150° 
pbs | Gu | 5 x10-% 7.1 ge: dee 
Nie 17.8 22.0 <1018 np | (7) 
Si Obk f f ~1018 (m. : n 8) (9 
meee, : examen |” | aor dy 
Sb | 11x 103 50.5 ay |e tig 
SbZn | Sb 30 (4 X 10714) | 41.4 (4.6) i = — | (14) 
Sn i 2.3 (3.2 X 10—%)| 36.0 (8.3) i — — | (14) 
InAs Mg 1.98 X 10-6 27.0 — — | (15) 
Zn> 3.11 xX 107% 27.0 — — | (15) 
Cd> 4.35 X 10~4 27.0 = — | (15) 
Ge> 3.74 X 1076 27.0 — — | (18) 
Sn> 1.49 x 1078 27.0 — — | (15) 
Sp 6.78 50.8 =< — | (15) 
Se? 12.55 50.8 — — | (15) 
Te> 3.43 X 1075 29.5 —_— — | (15) 
hk US 


Notes to Table la 
*See Table 1. 
® Radioactivity measurement. 
> p-n junction method. 
°D ~ 105 — 10-8 em?/sec at 1000°C. 
4 Substitutional diffusion > 600°C. Cu interstitial donor. 
° Ni interstitial donor. 
‘ Indirect measurement of oxygen by means of donors produced on anneal. D ~ 1.2 
X 10~! cm?/sec, donor cone. ~5 X 10! em-%, 1300°C. 
« Chemical analysis. 
» Conductivity measurement. 
' Figures in parentheses give values below transition at 400° C. 
) Coarse-grained crystals. 
k Single crystal. 
™ Probably polycrystalline material. 
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3B. SILICON DIFFUSION TECHNOLOGY 


Cc. J. FROSCH 


Silicon rectifiers and voltage limiters are produced by vapor-solid diffu- 
ston from phosphorus and boron compounds. The diffusion apparatus 
and processing techniques for making the necessary low resistance surface 
layers are described. A masking technique is described for producing 


surface layers of different conductivity type on opposite silicon surfaces, . 


as 1s required for rectifiers. 


INTRODUCTION 


The design of electronic devices by solid diffusion techniques requires 
an understanding of the diffusion process in silicon at high temperatures, 
as well as data on surface concentrations, diffusion constants, and concen- 
tration gradients of donors and acceptors. The essential information on 
these phases of solid diffusion have already been covered in Chapter 3, 
Section 3A. This paper, therefore, will be restricted largely to the con- 
sideration of the processing techniques employed for producing rectifiers 
and voltage limiters by solid diffusion in silicon. Furthermore, only 
phosphorus and boron diffusants will be considered, because of their high 
surface solubilities in silicon at high diffusion temperatures. These dif- 
fusants provide the low resistivity silicon surfaces for the low resistance 
ohmic electrode connections which are most desirable for rectifiers and 
voltage limiters. 

Solid diffusion has many advantages for the construction of electronic 
devices, when compared with other methods such as alloying. For ex- 
ample, new devices (Ref. 1) requiring large-area surface junctions of uni- 
form and reproducible thickness and surface concentration are easily pro- 
duced. The desired junctions are obtainable by a predetermined choice 
and control of the temperature, time, and concentration of the diffusant 
during a diffusion operation. The diffusion process is particularly suited 
to the production of rectifiers and voltage limiters. Thus, by variations in 
easily controlled process parameters, the rectifier and voltage limiter 
design requirements of lifetime, diffusion depth, concentration gradient, 
and surface concentration can be fulfilled. 


FURNACES AND EQUIPMENT 


The furnaces and associated equipment required for the diffusion of 
phosphorus and boron into silicon are illustrated schematically in Fig. 1, 
The essential components are elongated fused SiO, tubes approximately 
1.4 in, I.D, extending through high temperature controlled Glo-bar fur- 
naces, Flowmeters are attached to one end of the tubes for adding con- 
trolled volumes of gases, The preheater associated with Furnace A pro- 
vides a low temperature heating sone for controlling the vapor content 
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of P.O; in the carrier gas. As shown by the temperature gradient plot, 
the preheater is connected to Furnace A in a manner which prevents any 
recondensation of the P2O; vapor until it has passed the silicon samples. 
The exit ends of the elongated fused SiO» tubes extend into a fume hood 
which disposes of excess vapors as well as any reaction products. Such a 
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Fic. 1 Furnaces used for the diffusion of boron and phosphorus into silicon. 


hood arrangement is strongly recommended, since some of the waste 
products, especially those containing phosphorus, probably are injurious 
to health. The more exact details of the equipment will become evident 
in the description of the diffusion operations. 

The temperatures are controlled and measured with platinum vs plati- 
num (10 per cent rhodium) thermocouples in all of the processing opera- 
tions, The temperature gradients illustrated in Fig. 1 were determined 
under operating conditions with a probe thermocouple inserted through 
the open end of the furnace tube, The flat or work sone temperatures 
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were controlled to +2°C. These work zones are approximately 4 in. long 
in the Glo-bar furnaces and about 2 in. long in the preheater. 

It is necessary also to provide holders for the insertion of the silicon 
slices into the furnaces for processing. These holders may vary in con- 
struction, but must provide free access of the diffusant vapors to the sili- 
con surfaces being processed. Saw-slotted flat plates of fused silica were 
employed in this process. These hold the silicon slices in a spaced vertical 
arrangement with their major faces parallel to the gas flow during proc- 
essing. 


SILICON MATERIAL 


For the processing operations, single-crystal silicon ingots are cut into 
slices with a diamond saw. The slices usually are appreciably larger in 
surface area than is required by the final device. Several devices gen- 
erally are cut from one of the diffused silicon slices after the metal elec- 
trodes have been added. Since the crystal type, resistivity, and thickness 
are dictated by the design requirements of particular rectifiers and voltage 
limiters, these will be considered in the device subsections. However, the 
resistivity must be taken into account in establishing the diffusion proc- 
essing parameters where accurate diffusion depths are required. This 
recognition is necessary since the diffusion depth decreases with decreas- 
ing resistivity. 

The silicon slices are lapped to flatness with #600 or finer abrasive grit 
to remove the major saw damage. The slices then may be etched at this 
point. In either case, the diffusion operations will be the same. However, 
lapped surfaces generally are preferred to etched surfaces for the attach- 
ment of the metal electrodes. After degreasing with ethylene trichloride 
and rinsing with HF followed by deionized water, the silicon slices are 
ready for the first diffusion operation. 


MEASUREMENT OF DIFFUSED LAYERS 


The methods for determining the depths, sheet resistivities, and surface 
concentrations of diffused layers are described in Chapter 3, Section 3A. 
This paper, therefore, will only indicate the measuring methods used. 
Measurements were made on junctions produced at different temperatures 
and diffusion times. Such determinations were made on silicon slices 
having a spread in their resistivity values which covered the design re- 
quirements of the rectifiers and voltage limiters. Both p- and n-type 
silicon slices were used so as to check the diffused layers for both phos- 
phorus and boron. These data were employed in the final processing 
operations to fix the time and temperature parameters for producing the 
diffused layers required by a particular device. 

The 5-deg angle lap and HF-HNOy staining procedure were employed 
for determining the diffused layer thicknesses, The sheet resistivities 
were measured by the four-point probe technique using 0.050-in, probe 
spacings, The diffusion depths and sheet resistivities served as a check 
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on process control. They were employed also for calculating the surface 
concentrations. Each silicon surface was tested for electrical type after 
diffusion by means of a thermoelectric probe. A sufficient portion of each 
surface was checked to assure continuity of the electrical type. 


SURFACE DEPOSITION OF DIFFUSANTS 


The solid diffusion processes described here for producing rectifiers 
and voltage limiters depend upon the chemical reactions of silicon with 
the vapors of boron compounds and phosphorus compounds (Ref. 3). The 
impurity vapor reactions with silicon surfaces might be: 


P,0;* + Si = P + phospho-silicate glass 
4BCl3 + 38i = 4B + 38iCl, 


The reaction takes place very rapidly at the high temperatures em- 
ployed, resulting in the deposition of a surface film on the silicon which 
serves as a reservoir or source of the diffusant during the diffusion opera- 
tion. If this surface film is able to maintain constant surface solubility 
of the diffusant in silicon during the diffusion, the boundary conditions of 
equation (4) in Chapter 3, Section 3A, are fulfilled. Thus in the equation 


x 
Nz = N, erf (=), 
"Nov Di 


the surface concentration N, is assumed to be constant. This boundary 
condition is believed to be fulfilled in these diffusion processes at least to 
a first approximation. Thus the surface junctions produced should have 
a steep concentration gradient of the error function type. 

Since the deposited surface film automatically controls the surface 
concentration of the diffusant, the diffusion depth depends only upon the 
diffusion constant and time at any given diffusion temperature. Accord- 
ing to Fuller and Ditzenberger (Ref. 3), both boron and phosphorus have 
high, and approximately equivalent, surface solubilities at the diffusion 
temperatures employed, with maximum values approaching 10°? atoms/ce. 
This surface concentration provides minimum immediate surface resistivi- 
ties approaching 0.0003 ohm-cm for both boron and phosphorus. Further- 
more, the diffusion constants of boron and phosphorus are shown to be 
nearly equal over the diffusion temperature range from 900 to 1400°C. 
This permits the use of the convenient plot, which is illustrated in Fig. 2, 
for silicon containing 10'® impurity atoms/cc, for gauging the diffusion 
depths for both phosphorus and boron with time and temperature. Thus, 
with the deposited film technique both n- and p-type surface junctions of 
reproducible resistivity and thickness can be produced by controlling the 
parameters of time and temperature, 


a meee 


4 Probably PyOg or an xmer at the depositing temperatures, 
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Fig. 2 p-n junction depth as a function of time for the diffusion of boron and 
phosphovus into silicon containing 101° impurity,atoms per cc. 


SURFACES OF OPPOSITE ELECTRICAL TYPE 


The low resistivity n- and p-type surfaces required on opposite silicon 
surfaces, especially in the design of power rectifiers, demand some form 
of masking (Ref. 4), when diffusant vapors are employed at high tem- 
peratures. Unless this masking is provided, the introduction of a second 
diffusant vapor of opposite electrical type to the first diffusant vapor 
obviously will result in a heterogeneous diffusion into both silicon surfaces. 
This is particularly true for boron and phosphorus, since their equilibrium 
surface solubilities are approximately equal. However, the rapid reaction 
of silicon with phosphorus and boron compounds to form low volatile 
compounds at high temperatures suggests methods other than masking 
for the production of rectifier structures. Thus rectifier structures can 
be produced by: (1) masking, (2) predisposition, and (3) precoating. 


Masxinc. The vapor masking technique developed for the diffusion 
processing of silicon for rectifiers depends upon the in situ masking action 
of a phospho-silicate glass surface layer against the deposition of a boron 
surface film from the boron halide at high temperatures, A continuous 
film of this glass on the surface prevents direct contact of the boron halide 
with the silicon Henee, chemical reaction of the boron halide with the 
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silicon is prevented and a boron film is not deposited on the glass-coated 
silicon surface at high temperatures. Thus, by first depositing a phospho- 
silicate glass on silicon and removing the film from one surface by lapping 
or other means, a boron film will deposit from BCl3 at high temperatures 
only on the glass-free surface. However, the phospho-silicate glass is 
not an effective mask against the deposition of a boron film from BCls 
above about 1300°C. This may be due to chemical reactivity between 
the BCl; and the glass or the development of porosity in the glass by 
devitrification above about 1300°C. Both surfaces of the silicon usually 
are p type when the BCI; deposition is made above about 1300°C. How- 
ever, when the BCl; deposition is done below about 1300°C, subsequent 
heating may be done at temperatures up to the melting point of silicon 
and still give surfaces of opposite electrical type. 

Other diffusant-silicate glasses will mask against the diffusion of a 
second diffusant or its compounds in the same manner as the phospho- 
silicate glass. An SiO. (Ref. 5) layer produced by heating silicon in an 
oxidizing atmosphere at high temperatures will mask also against some 
diffusants or their compounds. In all cases, however, effective masking 
will result only when the vapors of the diffusant or its compounds have a 
negligible solubility in, diffusion through, or chemical reactivity with 
the glass surface film under the particular processing conditions. The 
glass surface film must be sufficiently thick and continuous also to provide 
complete coverage of the silicon surface. 


PREDISPOSITION, Since surface compounds are quickly formed and act 
as reservoirs for the diffusant during the subsequent diffusion, each dif- 
fusant compound can be predeposited on a particular surface area by 
means of masking jigs, jet carrier gas streams, or other similar methods. 
Because of the low vapor pressures of these deposited surface films, the 
diffusion of each diffusant is restricted essentially to its area of deposi- 
tion. Surface films deposited on silicon from either BCls, or P2Os, are still 
evident after 32 hr at 1300°C. The silicon samples may be closely packed 
during the diffusion operation since a significant interaction of the two 
diffusants does not seem to occur from such predeposited films. Large- 
area rectifiers of excellent characteristics have been produced by masking 
jigs and jet carrier gas streams. However, because of the high tempera- 
tures involved during the deposition of the surface films, interference 
effects between the two diffusants will occur unless exact masking control 
is maintained. The latter probably would be difficult and expensive in 
large-scale production with masking jigs and jet carrier gas streams. 


Precoatina. Another technique (Ref. 2) for the diffusion processing 
of silicon rectifiers depends upon precoating the particular silicon surfaces 
with the desired diffusant or one of its compounds before heating. This 
may be done by brush- or spray-coating the particular silicon surface 
areas with the diffusant in a suitable vehicle, The coating mixture may 
contain other ingredients such as finely divided AlyOg, SiOy, ete, After 
drying the coatings, the diffusion may be carried out by heating in air, 
In general, however, the most promising resulta with this method have 
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been obtained with a phospho-silicate glass on one silicon surface and a 
boron compound coating on the other silicon surface. 


DIFFUSION OPERATIONS 


The essential processing steps for p-type silicon rectifiers are illustrated 
by the flow chart in Fig. 3. The thicknesses of the deposited surface films 
are drawn as shown in the flow chart merely for illustration purposes. 
Shown in Fig. 3 are the processing steps for the.diffused power rectifiers 
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Fic. 3 Flow chart illustrating the diffusion processing of a rectifier from p-type 
silicon. 


which are described in Chapter 8, Section 8B, of this volume. On the 
other hand, the voltage limiter is a symmetrical device which requires 
surface junctions of the same electrical type on opposite silicon surfaces. 
Thus masking is not employed, since only a single diffusant is required. 
Hence the P.O; processing step alone as illustrated in the upper part of 
Fig. 3 followed by.an HF rinse is a sufficient procedure for the voltage 
limiter. Except for the obvious rearrangement of diffusants and proc- 
essing conditions, rectifiers and voltage limiters can be produced by simi- 
lar procedures from n-type crystal slices. In general, however, the best 
results have been obtained by using p-type silicon slices. 

As illustrated in Fig. 3, the deposited boron film, unlike the phospho- 
silicate glass, is not soluble in HF. Thus a boron film generally is re- 
tained after the HF rinse. Unless excessively thick, this residual film 
generally is sufficiently low in resistance to have little or no effect on the 
surface resistivity. 

In the actual processing operations, a fused SiO. vessel containing P20, 
is inserted into the preheater work zone as illustrated in Fig. 1. A flow 
of 1000 cc/min of dry Na (Ref. 6) now is introduced through the flow- 
meter. Other dry carrier gases such as He or Hy as well as other rates 
of gas flow may be employed optionally, However, excessively high or 
low rates of gas flow will reduce the concentration of PyOs vapor flowing 
past the silicon samples below the desired level, 
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The preheater temperature is controlled at about 235°C. When this 
temperature is too low, an insufficient concentration of P20; vapor is 
carried past the silicon slices to give reproducible results or to give the 
desired deposited surface films in a short time. On the other hand, too 
high a preheater temperature will cause sticking of the silicon samples 
to the holders due to excessive deposits from the high vapor concentration 
of P2O5 when long heating times are employed. This often results in the 
breakage of the silicon slices upon cooling. 

With Furnace A in Fig. 1 controlled at 1230°C, the carrier gas flow 
with the P.O; vapor is continued for several minutes to establish a steady- 
state condition. Then the holder loaded with p-type silicon slices is in- 
serted into the working temperature zone. The insertion into the furnace 
is done by means of a fused silica pusher rod. This operation may be 
carried out manually or mechanically. The insertion into the furnace 
may be rapid since the heating rate does not appear to affect the final 
characteristics of the diffused structures. 

After 16 hr the silicon slices are withdrawn from the furnace at a cool- 
ing rate dictated by the lifetime requirements of the particular device 
being produced. The large loss in lifetime on quenching and the retention 
of lifetime on annealing silicon from high temperatures is covered in 
another section of this text and will not be considered here. However, the 
lifetime retained in silicon upon rapid cooling from high temperatures 
generally is adequate for the design requirements of the rectifiers and 
voltage limiters considered in this chapter. 

From the foregoing operation the silicon slices emerge with diffusion 
surface layers of phosphorus-doped n-type material approximately 0.001 
in. thick, covered with non-conducting phospho-silicate glass. These 
silicon slices, as already mentioned, after an HF rinse are adequately 
processed for voltage limiters when p-type crystals are employed. Other 
processing times and temperatures may be employed, depending upon 
the design requirements of a particular device. Moreover, the predepo- 
sition time or the time of silicon contact with the P20; vapor may be 
reduced to as low as 10 min under some conditions. When a voltage 
limiter is being produced, the diffusion heating then may be done directly 
in contact with stationary room air. The diffusion may be done also 
with the silicon. slices in a batch or close-packed arrangement. How- 
ever, when a rectifier is being produced, the predeposition time at a given 
temperature must be sufficiently long to produce a continuous phospho- 
silicate glass layer over the silicon surfaces. Otherwise incomplete mask- 
ing against the deposition of a boron film from BCls in the next operation 
may result. 

The second step in the diffusion processing of rectifiers requires the 
removal from one surface of the deposited phospho-silicate glass and 
usually the phosphorus diffused layer, This may be done by lapping as 
illustrated in Fig, 8, However, very shallow diffused phosphorus layers 
need not be removed when the boron deposition from BCl, is to be made 
between about 1150 to 1250°C, In this case, the phospho-silicate glass 
in oasily removed from one surface by covering the other surface with a 
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rubber suction cup and dipping in HF. The remaining shallow diffused 
phosphorus layer does not appear to interfere with the deposition of boron 
from BCl,; in the above temperature range or with its subsequent diffu- 
sion. Rectifiers produced from either type of surface exhibit essentially 
equivalent characteristics. The boron may be introduced at this point 
by coating the glass-free silicon surface with a vehicle containing a boron 
compound such as B2,O3. A subsequent diffusion in air then gives the 
desired rectifier structure. 

For the boron deposition from BCl3, Furnace B now is brought to a 
temperature of 1150°C. A flow of 1000 cc/min of dry Ne (Ref. 7) and 
30 cc/min of BCl; is introduced into the furnace tube. As with P.O; 
other dry carrier gases such as He or He, as well as other boron halides, 
may be employed alternatively. The concentration of BCl; in the carrier 
gas may be varied also but should be sufficient to provide adequate boron 
deposits in short times. However, excessive concentrations of BCls or 
long deposition times result in a serious erosion or pitting of the silicon 
surfaces. Actually a 0.020-in.-thick silicon slice is converted entirely to 
amorphous boron in about 5 hr at 1200°C if a flow of only 3 cc/min of 
BCls is continued for this time. Moreover, it is necessary to condition 
fused silica tubes and holders, which are new or have not been in contact 
with BCl; for several hours, by allowing a fairly high concentration of this 
gas to flow for some time before making a run. Unless this is done, 
large variations in the boron deposits will occur. The effect is believed 
due to a higher chemical reactivity of BCl; with new or infrequently used 
fused silica than with that in continuous operation. This apparently 
causes a decrease in the concentration of BCls flowing past the silicon 
slices until equilibrium conditions with the fused SiOz are established. 

With the mixture of dry Ne and BCls gases flowing, the holder loaded 
with silicon slices is quickly inserted into the work zone of Furnace B 
controlled at 1150°C. After 1 min the flow of BCls is discontinued, but 
the heating is continued in Ne for 2 hr. It may be more convenient to re- 
move the silicon slices after about 3 min under the above conditions. The 
longer diffusion then may be done in stationary room air with the slices 
in a close-packed or batch arrangement. The diffusion may be done also 
at a different temperature. In either case, there appears to be no inter- 
action between the donor and acceptor depositions during the heating 
operations. After an HF rinse, the diffusion processing for rectifiers is 
complete. A p-n-p voltage limiter also can be produced from an n-type 
silicon slice by employing only the above BCls procedure but using a 
longer diffusion time to increase the junction layer thickness. 

The foregoing sequence of steps serves to illustrate the diffusion proc- 
essing of silicon for rectifiers and voltage limiters. However, a fairly wide 
latitude in the choice of processing procedures is permissible for the pro- 


duction of most of these devices. This is true since the accurate control - 


of the junction layer thickness is not essential to many of these devices, 
It generally is sufficient to provide junction layer thicknesses in excess of 
about 0,0005 in, This usually places the junction beyond the surface 
damage resulting from the lapping operation, Polished, rather than 
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lapped, surfaces probably would be more suitable if thinner junction 
layers are required. However, the thicker junction layers are preferred, 
when permissible in the device design, since shorting is less Hie, to 
occur during the application of the metallic electrodes. 
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INTRODUCTION TO FABRICATION 
TECHNOLOGY 


Fabrication technology is that area of activity which transforms the 
single crystal material into a device. It includes the introduction of 
junctions by techniques other than crystal growing, such as alloying and 
diffusion. In addition it includes processes which shape, size, etch or 
mask, remove contaminants, apply contacts, and capsulate the device. 
The technology of introducing junctions by manipulating the crystal 
growing process is covered in Chapters 1 and 2 of this volume and in 
Part II of Volume I. 

We begin with a broad-brush picture of chemical processing in all 
phases of transistor fabrication, from early development to manufacture. 
The important matter of etching techniques is treated next. A survey 
of techniques for producing ohmic contacts and a similar treatment of 
the alloying processes follow. We conclude with a chapter on the tech- 
nology of diffused junction devices. 

The chapters on etching, alloying and diffused junction devices are 
sufficiently diverse to warrant short separate editorial introductions. 
The chapters on chemical processing, ohmic contacts and germanium 
alloy transistors are survey articles, written specifically for this volume, 
since concise, suitable material existing in the literature could not be 
found. 

It is difficult’ to separate fabrication technology from device descrip- 
tions. Material included in this section is principally fabrication-oriented ; 
however, we have also included, particularly in Chapter 8 (Diffused 
Devices), papers which also discuss device behavior and design informa- 
tion. This procedure was adopted since these papers include the most 
concise presentations of the fabrication technology of the device resulting 
from this new process. A discussion of the technology of producing junc- 
tions by the diffusion technique is separated from the fabrication of com- 
plete devices and is presented in Chapter 2. 
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Chapter 4 
CHEMICAL PROCESSING 


The role of chemistry in semiconductor technology is reviewed principally 
from the viewpoint of the selection and control of materials of construc- 
tion and the processing of such materials or semiconductor device assem- 
blies. 

Materials are selected and processed with the highest regard for the 
level and nature of their bulk impurities. Of equal concern is the control 
of contaminants on the surfaces of the materials which become part of the 
device and those materials which comprise the jugs, fixtures, furnaces, etc., 
used to handle the device components. 

Processes and techniques employed to prevent contamination and to 
clean, etch, and plate are discussed. New techniques in these areas, 
adapted to suit particular needs of the small parts and devices involved, 
are reviewed. 


INTRODUCTION AND SCOPE 


Semiconductor devices are fundamentally electronic in nature; hence 
the primary responsibility for their design and development is generally 
with the electrical engineer and the physicist. However, almost from the 
very beginning, the skills, techniques, and knowledge of other branches 
of science are needed to develop and design a manufacturable product. 
Metallurgy must provide new methods for obtaining reasonably priced 
and reproducible semiconductor materials. Mechanical engineers must 
assist in the design of the semiconductor device structures to insure re- 
producibility of characteristics and stability and the stress analyst must 
evaluate these properties under many varied ambient conditions. The 
glass engineer provides designs for the metal-glass (or metal-ceramic) 
stems on which the transistor is to be mounted. The statistician aids in 
the determination of reliability. 

In addition to these skills, the chemist is also called upon for his spe- 
clalized type of assistance, usually from the earliest stages of develop- 
ment to the actual manufacture of the transistor, It is the aim of this 
chapter to review briefly the role of chemistry in transistor fabrication 
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through the discussion of various typical illustrative examples, since an 
exhaustive summary of the solution to all problems is not feasible or pos- 
sible. Those topics selected for discussion should serve to indicate the 
direction in which the solution to other problems may be sought. 

The contribution of chemistry can be considered to fall into three broad 
areas: 1) The selection, evaluation, and specification of materials for 
transistor assemblies and for the tools of their fabrication. (The mate- 
rials germanium and silicon are considered elsewhere in this publication.) 
2) The processing of these materials and of transistor assemblies to 
achieve the characteristics desired. 3) The employment of chemistry as 
a diagnostic tool in the examination of devices to discern reasons for their 
deviations and failure. The objective in every case is the achievement of 
reproducible devices, which can be made with high yields and which will 
possess the required reliability. 


MATERIALS 


The selection of materials for transistor structures is very often not 
as straightforward as the design engineers would like. The choice of 
Group III or Group V elements for doping the semiconductor material 
is obvious; but what level of impurities can be tolerated in indium, for 
example, is a rather subtle question. So also is the tolerable level of 


impurities in graphite crucibles for crystal growing, or the level of water 


vapor in a heat treating operation. 

The device engineer is usually unable to state his needs except in terms 
of electrical characteristics of the final’device. The chemist can, and 
does, look carefully to the analysis of all batches of materials used—by 
microchemical analysis, spectrographic analysis (mass and optical), and 
gas content determinations. But these figures serve only to show common 
patterns in composition of materials which have already been accepted 
or rejected on the basis of device yields. Even though specifications may 
be prepared after experience, batch approval is still a common practice 
(similar to the situation of cathode nickel in vacuum tube manufacture). 
This batch approval testing involves the fabrication of a statistically 
sound number of devices using samples of the new material and the com- 
parison of the behavior of these devices with those built from currently 
used materials or reference standards. However, with the large number 
of independent and interdependent variables which are operating in the 
processing of semiconductors it is possible that such evaluations are not 
always definitive. 

The present status of the technology is simply that the electronic be- 
havior of a raw material as employed in a transistor is a more sensitive 
test of its suitability than conventional chemical tests. Due to the small 
size of semiconductor devices and the subsequent small demand for certain 
raw materials it is the transistor manufacturers and their associated 
chemical groups who must take the initiative in insuring themselves re- 
producible sources of material rather than the supplier, 

For many materials the manner in which they were fabricated may be 
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as important as the matter of their bulk impurities. Metal parts for 
supporting structures may be processed in such a manner as subsequently 
to cause changes during the life of the device. Graphite residues from the 


mandrel used in drawing metal tubing have been known to cause leaks in 


pinched-off tubulations when they are not completely removed. Another 
source of contamination can be the residues of machining lubricants which 
tenaciously cling to metal surfaces, especially if parts are annealed before 
complete removal. Tests have shown that if certain lubricants are not 
removed within 24 hr, chemical reaction products may be left which are 
removable only by gross attack on the surface. 

Some of the chemical processing of transistors will be discussed in detail 
below. Much of this processing is done with aqueous solutions of acids 
and bases and with organic solvents. As one approaches the final stages 
of transistor assembly, greater attention must be given to the purity of 
the water and of the acids, bases, and salvents in order to avoid contami- 
nation. At least one prominent chemical manufacturer has recognized 
this problem .and has initiated a line of high purity chemicals probably 
more suitable for processing semiconductors. 

Since etching of assemblies is done to remove contaminants and dis- 
turbed material from surfaces, care must be exercised to see that none 
of these impurities are left as residues. Etching in a stream of etchant is 
one common precaution taken; in this way, foreign material: is carried 
away and the surface exposed only to fresh etchant. However, even here 
the chemist must make sure that no insoluble reaction products are 
formed since they will not necessarily be washed away. Batch etching 
can be utilized only if soluble products result or if they can be converted 
to soluble form through the use of coordination or chelation agents. In 
all cases the choice of materials in the immersed assembly must be such 
that no galvanic cell reactions occur because of large differences in chemi- 
cal potential. 

In the section on processing, the preparation and use of high purity 
water will be discussed. It is sufficient to state here that final rinsing 
with water of this quality is desirable and that further rinsing with certain 
organic solvents is unnecessary and may even be damaging. In those 
situations, when solvents must be used, a test should be performed to 
determine the extent of the residue in the solvent. 

D. O. Feder has discussed a sensitive test (Ref. 1) for contaminants in 
solvents. He shows that a freshly cleaved mica surface will support a 
thin, unbroken water film resulting either from immersion in low conduc- 
tivity water or from an atomizer spray. In performing the test, a droplet 
of the solvent to be tested is allowed to evaporate on the fresh mica sur- 
face. If the water break test is then applied, any contamination from the 
solvents will show up as a dirty area; i.e., the water does not wet this 
area of the mica. These tests, of course, detect only hydrophobic impuri- 
ties, but for this type it will show amounts in the range from a monolayer 
to a few tenths of a monolayer, 

To emphasize an important point which is all too easily overlooked in 
actual manufacture, it should be obvious, of course, that the tools, jigs, 
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tweezers, gloves, etc., which come in contact with the device and its sub- 
assemblies must be of comparable cleanliness. In addition, they should 
not provide any inherent contaminants during their utilization. Etching 
jigs are therefore frequently constructed of Teflon, polyethylene, polysty- 
rene, or other inert materials. So also must alloying jigs and diffusion 
tubes be kept free of volatile impurities. 

Transistor fabrication is currently characterized by numerous heat 
treating operations in varied ambient atmospheres. The chemist must 
constantly guard during these operations against the introduction of im- 
purities and unwanted reactions due to uncontrolled compositions of the 
gases. It is not always enough to know the exact analysis of the gas at its 
source or in the manufacturer’s cylinder. Incomplete flushing of the hot 
zone, water evolved from tubing and jigs, adsorbed gases evolved from 
parts and boats, all have been found to contribute to the gaseous ambient 
in the immediate vicinity of the critical material being treated. There 
is no substitute for frequent analyses of the gases in the hot zone itself. 

Solders and brazing materials are still extensively utilized in transistor 
fabrication. From the many kinds of these materials, the one selected 
depends on the particular objective to be met and the materials to be 
joined. For example, whereas a eutectic solder (Pb-Sn) might be used 
to solder to a tinned lead, a gold-saturated solder is more suitable for 
direct soldering to gold, or an antimony-doped solder for attachment to 
n-type germanium, or an indium-doped solder for p-type material. 

As an illustration of the wide variety of materials dealt with, Table 1 
is an incomplete listing of materials used in transistor fabrication. 


TABLE 1 TYPICAL MATERIALS UTILIZED IN TRANSISTOR 
TECHNOLOGY 


1. Doping Elements: 
Gallium, indium, boron, aluminum, phosphorus, antimony, and arsenic. Also 
certain oxides of these elements. 
. Internal Supporting Structures: 
Wires of gold, nickel, platinum, Kovar and Rodar, phosphor bronze, beryllium- 
copper, gold-gallium, and molybdenum. 
Bases of copper, Kovar and Rodar, molybdenum, and nickel. 
3. Stems, Tubulations, and Cans: 
Leads of iron-nickel alloy, iron-nickel-cobalt alloy, Dumet, and molybdenum. 
Insulators of hard glass, multiform glass and ceramics. 
Tubulations of copper (including oxygen-free copper), Kovar and Rodar, and 
nickel. 
Cans of steel, Kovar and Rodar, copper, and nickel silver. 
4. Tools, Jigs, Containers, etc.: 
Teflon, polyethylene, polystyrene, Nylon, graphite, fused quartz, stainless 
steel, nickel, Inconel, platinum, gold. 
5. Solders and Brazes: 
Solders of lead-tin, lead-tin doped with antimony, indium, or gold, and many 
others, 
Gold-copper brazes, 
6, Miscellaneous: 
Potting compounds, casting resina, organic finishes, silicone oils, 


bw 
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CHEMICAL PROCESSING 


Chemical processing as utilized in transistor technology is still a mix- 
ture of “it works this way,” science, and compromise. For such a young, 
rapidly developing field, this is not to be considered harsh criticism. 
Progress has been made and is being made at an increasing pace towards 
a better understanding and improvement of existing procedures. 

There will be no attempt made in this chapter to discuss or even men- 
tion all of the chemical procedures utilized in fabricating transistors. In 
Table 2 some of the common operations are listed, and only certain of 
these items will be discussed. The choices are based on general applica- 
bility, relative importance, or the need for the description of new tech- 
niques. 


TABLE 2 CHEMICAL PROCESSING OPERATIONS 
AND TECHNIQUES 


1. Furnace Operations 
1.1 Oxidation. 
1.2 Reduction. 
13 Annealing. 
14 Decarburization. 
1.5 Alloying. 
1.6 Diffusion. 
1.7. Soldering, brazing, gold bonding. 
1.8 Vacuum bake out. 
2. Contamination Control 
2.1 Removal of Physical Contaminants: Lint, dust, fibers, oils, greases, 
waxes. 
2.2 Removal of Water Soluble Contaminants: Salts, plating residues, etching 
residues. 
2.3 Tests for Cleanliness. 
24 Storage of Clean Parts and Assemblies. 
3. Etching 
3.1 Etching of Semiconductor Material. 
3.1.1 Preferential Etching: 
To locate crystal planes, expose dislocations, etch pits, etc. 
3.1.2 Non-Preferential Etching: 
To remove damaged material due to cutting and polishing. 
To control thickness. 
To remove contaminants and junction shorting materials. 
8.2 Etching of Piece Parts. 
3.2.1 Oxide removal. 
3.2.2 Chemical polishing. 
3.2.38 Electropolishing. 
4, Plating 
4.1 Electroplating. 
4.1.1 Piece parts and assemblies. 
4.1.2 Semiconductor material, 
4.2 Chemical Plating. 
4.2.1 Piece parts and assemblies 
4.2.2 Semiconductor material, 
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CoNTAMINATION Controu. As the result of cooperative efforts on the 
part of many people, the bulk properties of transistors are more control- 
lable and better understood than surface phenomena. Contaminants on 
surfaces of transistors exert a great deal of influence on the measured 
electrical characteristics of the device and their change with time under 
various ambients. Our immediate goal in chemical processing is to mini- 
mize undesirable effects by minimizing the amounts of impurities left 
on surfaces. 

A natural division of contaminants and impurities into two classes may 
be made: physical contaminants such as lint, dust, fibers, greases, oils, 
lubricants, and waxes; and water soluble contaminants such as salts, 
acids, bases, plating solution residues, and etching residues. 

The physical contaminants have, for the most part, been removed by 
blowing with compressed gases and by organic solvent degreasing. In an 
extensive study, D. E. Koontz (Ref. 2) has shown that superior cleaning 
can be achieved through the use of warm tap water, a wetting agent, 
and ultrasonics. His method, briefly, is as follows: Parts are immersed 
in flowing, high-surface-velocity tap water; loose material floats to the 
surface and is swept away before the parts are withdrawn. The parts 
are then immersed in a chamber through which is flowing a warm, dilute 
tap water solution of a wetting agent. By the radiation of strong ultra- 
sonic energy, greases and oils are emulsified and removed. A rinse in tap 
water removes residues of the wetting agent solution. 

The effectiveness of this method in removing a synthetic dirt-grease 
from platinum gauze was compared with traditional degreasing proce- 
dures. As a general figure, a 200 per cent improvement in removal was 
found. In addition to this notable improvement, the elimination of the 
usual flammable and/or toxic organic solvents is more than welcome. 

Parts and assemblies processed in the above manner are, of course, also 
relatively free of water soluble impurities. However, it is not too difficult 
to demonstrate that a thorough rinsing of transistors in very low con- 
ductivity water will greatly improve certain characteristics. A typical 
experiment has been reported by J. F. Pudvin- (Ref. 3) for simple p-n 
junction photobars and by M. V. Sullivan for diffused base germanium 
transistors (Ref. 4). 

In Fig. 1 we have schematically represented a simple system which can 
be effectively utilized to rinse parts and assemblies to a point where they 
are substantially free of soluble surface contaminants. The deionizing 
column contains a monobed system—i.e., both an anion and a cation de- 
ionizing resin intimately mixed together (Ref. 5). Water from this source 
flows into a bottom-fed overflowing tank into which the objects to be 
washed may be placed. The rinse water flows back into the deionizing 
column through a pump, thereby forming a closed system. It has been 
found that water leaving the column may have a conductivity of 0.1 mi- 
cromho/em at 25°C and water in the tank may be 0.2 mieromho/em, 
Contaminated parts will cause an immediate rise in the conductivity of 
the water in the tank, When the conductivity returns to ite original 
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value, the assemblies may be assumed to be free of soluble ionic contami- 
nants and tested. 

Rapid drying of parts cleaned in this manner is recommended. Of 
course, no organic solvent should be used to hasten this process unless it 
can pass the spot test on mica which was previously described. Surfaces 
of certain metals which have been prepared by ultrasonic degreasing and 
water rinsing are so clean that they will tarnish on exposure to air. This 
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may be prevented by the use of clean alcohol or acetone or the light tar- 
nish may be removed later by a hydrogen heat treatment. 

Simple procedures for testing the cleanliness of parts processed in 
the above manner have been described by D. O. Feder (Ref. 1). For the 
removal of water soluble contaminants: 


Objects presumed to be clean are immersed in a flowing stream of low 
conductivity water (less than 0.4 micromho/cm at 25°C). If there 
is no detectable increase in conductivity, the parts may be considered 
free of soluble inorganic residues. 


lor the removal of hydrophobic organic contaminants: 


The essential feature of this test is the use of a freshly double-cleaved 
mica surface as a standard, reproducible, readily available, clean 
surface, Such a surface will support an unbroken water film for over 
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1 min when the mica is removed from low conductivity water which 
contains no organic residues. If the water passes this test, it in turn 
may be used to evaluate a test surface. If this surface supports an 
unbroken water film for over 1 min, it too may be presumed to be free 
of hydrophobic contaminants. The sensitivity of this test is of the 
order of 1 monolayer of contaminants. When amounts of the order 
of a 0.1 of a monolayer are to be considered, the clean water may be 
sprayed as fine droplets onto the test piece. If the droplets immedi- 
ately coalesce, there is present less than a 0.1 of a monolayer of 
hydrophobic contaminants on the part. 


Of course, these cleaning procedures are of no value if the subsequent 
handling and storage of parts and assemblies are any less than the best. 
It should be obvious that containers, jigs, tweezers or any other object 
to come in contact with the cleaned assemblies must have the same high 
degree of cleanliness. It is also recommended that storage times be 
planned so as to be a minimum and that storage be in dry, inert atmos- 
pheres. 


Puatine. One of the prominent chemical procedures in transistor fabri- 
cation is the deposition of certain metals over base metals, principally by 
electroplating. There are a number of reasons for doing this: 


1) for protection of portions of assemblies during etching of the semi- 
conductor, 

2) for improved solderability, 

3) for gold alloying to a semiconductor material (gold bonding), and 

4) for corrosion resistance such as salt spray corrosion on military 
devices. 


The common metals which are utilized in meeting these objectives are 
tin, copper, nickel, and gold; they have been plated over a variety of 
base metals in supporting structures and, in some cases, on germanium 
and silicon itself. 


ELECTROPLATING TECHNIQUES 


In achieving maximum adherence to the underlying material, its sur- 
faces should be free of oxides, oils, greases, etc. The techniques described 
in the previous section may be very successfully applied here. A flash 
or strike of copper or nickel is frequently employed between the base 
metal and the principal deposit to improve adherence. In tin plating, after 
the desired amount of tin has been deposited it should be fused by heating 
in some high boiling inert liquid. Polyethylene glycol serves this purpose 
quite adequately. A low temperature sinter of gold at approximately 
450°C for 15-20 min is very useful in promoting adherence and decreas- 
ing porosity. 

Care should be exercised in the use of proprietary plating baths. Many 
of these commercial solutions contain certain brightening agents and 
other metals which can result in unwanted chemical effects and deposits, 
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They can serve a useful purpose if their contents and behavior are known 
and understood. 

A rapid, useful method for evaluating the porosity of electroplated 
deposits involves the determination of the loss in weight of a part after 
immersing it in an acid which attacks only the base metal. 


CHEMICAL METHODS OF PLATING 


There are many operational difficulties in electroplating used in semi- 
conductors because of their small size and intricate shape. In order to 
meet the plating objectives, means must be taken to insure adequate and 
constant contact to each individual part. In those instances where attach- 
ment is made by wiring the parts to the electrode, the labor expense may 
become excessive, or the size and shape may make it awkward, or contact 
marks may be left where such voids cannot be tolerated. Basket and 
barrel plating are principally used for small parts but even this procedure 
results in difficulties: lack of control on plating thickness due to variable 
current to parts; tangling of long leads; and masking effects due to small 
parts nesting or being held together by surface tension. Inherent also in 
electroplating processes is the lack of uniformity of plate over edges and 
in recesses. 

In the past few years an electroless method for the deposition of nickel 
has received considerable attention. It was developed by Brenner at’ the 
Bureau of Standards (Ref. 6); M. V. Sullivan and R. M. Warner, Jr., 
have reported on its application to the deposition of nickel on silicon. A 
summary of this work may be found in Chapter 6 of this volume. 

This nickel deposit is formed by the decomposition of a nickel salt 
by sodium hypophosphite which is further catalyzed by the nickel de- 
posit itself. The method uses no electroplating facilities (wires, power 
supplies, etc.). 

Solutions for the chemical plating (chemiplating) of gold and antimony 
have been developed and applied to transistor fabrication (Ref. 7). The 
method is like the electroless nickel technique in that it is a chemical 
process and requires no electrodes and external power supplies, but it is 
not a catalytic decomposition. It is rather a displacement type of re- 
action in which the base metal goes into solution (oxidation) and the 
gold or antimony is replaced and deposited on the base metal (reduction). 

In plating gold onto silicon, the following over-all reaction occurs: 


Si + 2KAu(CN), + 4KOH — 2Au + Hp + K,Si03 + 4KCN + HO 
The composition of the bath is as follows: 


Potassium gold cyanide, KAu (CN)2, 67% Au... 10 gm 
Potassium hydroxide, KOH.................04. 200 gm 
Deionized water, to make.............00 eae 1 liter 


The gold salt is one of the two commonly used by the electroplating in- 
dustry and is therefore readily available, The salt analyzes 67 per cent 
gold, the stoichiometric amount, and hence contains no excess potassium 
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cyanide. The solution is made strongly alkaline to promote the removal 
of a light layer of silicon oxides present on lapped surfaces. 

In preparation for plating, the silicon slice is lapped with #600 Car- 
borundum powder, washed, and dried. The sample is immersed in the 
solution at room temperature and bath heated slowly to 75°C. Radiation 
from an infrared lamp is preferable to heating by means of a hot plate, 
since the latter causes local overheating. The deposition of gold coincides 
with the release of hydrogen. The plating proceeds at 0.5 to 1.0 milligrams 
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Fic. 2 Dependence of plating thickness on time and concentration of gold salt. 


per square inch (msi) per minute with a maximum deposit of approxi- 
mately 50 msi (0.0002 in.). The exact amount can be determined by gain 
in weight. A high temperature sinter in an inert atmosphere will improve 
the adherence. 

The same solution operated at 65°C will give satisfactory deposits of 
gold on germanium. In neither situation will gold be deposited on sur- 
faces etched with nitric-hydrofluoric acid mixtures. 

Chemiplating solutions suitable for the deposition of gold over some 
of the common base metals used in transistor structures were also in- 
vestigated. The gold salt used in these solutions was the potassium gold 
cyanide salt, KAu(CN)s, containing 41 per cent gold and an excess of 
free potassium cyanide. A 2 per cent solution of this salt gives very 
satisfactory deposits of gold on nickel. The part to be plated is first 
carefully degreased, then lightly pickled in 1:1 hydrochloric acid, rinsed 
in water to remove the residual acid, and immersed in the plating solution 
maintained at 45°C, The amount of gold plated onto the base nickel is 
shown as a function of time in Fig, 2, 

The extent of plating from solutions of various concentrations is also 
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shown. The initial rate of plating is increased by increasing the solution 
concentration, but at the same time the adherence of the plate decreases. 
These curves indicate that the maximum thickness of the gold plate is 
essentially independent. of the solution concentration. This is attained 
after 2.5 hr and is approximately 60-65 msi. 

Two methods may be utilized to control the amount of plating. The 
reaction which occurs is as follows: 


2KAu(CN)> + Ni > 2Au + K,Ni(CN),. 


The aqueous solutions of the cyano-nickel complex ion, Ni(CN).4=, are 
yellow colored. If the increase in color is followed spectrophotometrically, 
the amount of gold deposited on the nickel may be indirectly determined. 

A second method depends on the observation that approximately 93 per 
cent of the gold in the solution may be plated out if allowed to proceed 
to exhaustion (2.5 hr). By starting with a volume of solution that contains 
an amount of gold equal to the total amount needed on the nickel parts 
plus the predetermined excess, the desired thickness of gold will be 
deposited by plating to exhaustion. Results reproducible to 5 per cent 
are possible using this technique. 

It is unfortunate that gold cannot be chemiplated over deposits of 
nickel from the electroless bath previously described. The large amount 
of phosphorus which is co-plated with the nickel is sufficient to alter the 
chemical potential of these surfaces and render them inert with respect 
to the displacement of gold. 

One of the common alloys used in making metal-glass seals is composed 
of iron (54 per cent), nickel (29 per cent), and cobalt (17 per cent) ; 
Kovar and Rodar are two of the trade names. After a pickling operation 
(with or without a bright-dip), gold may be deposited from a 5 per cent 
solution of the potassium gold cyanide salt. The plating technique is 
the same as for nickel; the amount deposited on the alloy, however, may 
be thicker. Samples have been chemiplated with over 100 msi of gold. 

The proposed reactions involved in plating are as follows: 


1) 2KAu(CN), + Ni — 2Au + K,Ni(CN), 
2) 2KAu(CN), + 2KCN + Fe — 2Au + K,Fe(CN)¢ 
3) 2KAu(CN),2 + 2KCN + Co — 2Au + Ky4Co(CN)g. 


The cyano coordination compounds formed as a result of the displacement 
reaction are colored. Hence, the percentage of light transmitted by the 
solution or the optical density is proportional to the amount of gold 
plated out of solution or to the amount of gold remaining in the plating 
bath. Either method of evaluation will allow the operator to determine 
the plating thickness on parts. 

The same 5 per cent solution is also applicable to the abecoin lating of 
gold on copper and aluminum, Up to 20 msi of gold may be obtained on 
copper; 8-10 msi on aluminum, The aluminum parts are cleaned prior 
to plating in 20 per cent potassium hydroxide solution at room temperature 
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and then transferred directly to the hot gold plating bath. A vigorous 
evolution of gas accompanies the deposition of the gold. 

A solution which may be employed for the chemiplating of antimony 
consists of 10 gm of antimony trichloride and 100 cc of concentrated 
hydrochloric acid in 1000 ce of deionized water containing a wetting 
agent. The temperature at which it is operated varies from 25° to 100°C, 
depending on the activity of the displacing metal. The common metals 
on which antimony can be chemiplated are, in order of decreasing activity: 
aluminum, steel, stainless steel, brass, copper, Kovar, Nichrome, and 
nickel. An adherent, light gray deposit of antimony can be obtained on 
each of these metals by proper choice of temperature and time. 

Gold is not sufficiently active to displace antimony from its solution, 
and hence one of the active metals is used to contact the gold (or gold- 
plated) parts and thereby raise its chemical potential. A practical 
procedure is to immerse the gold-plated parts contained in a copper mesh 
basket into the antimony solution at 25°C for 15 sec. This is followed 
by rinsing in hydrochloric acid to remove excess antimony trichloride 
and then in water. By this means, 0.01 to 0.03 msi of antimony may be 
deposited which is sufficient to dope the gold when making an ohmic 
contact through gold bonding to n-type material. Prior to gold bonding, 
the antimony may be diffused into the gold by a careful heat treatment 
in nitrogen at 450°C for 15 min. 

The gold chemiplating process can be used on silicon to sharply portray 
junctions, depicting abrupt changes in both impurity concentrations and 


conductivity type (Ref. 8). One possible explanation of this phenomenon. 


is based on the localized difference in electrostatic potential at the 
junction. A metallic film deposits first on that area having a relative 
excess of electrons available to neutralize the positive gold ions. This 
plating technique has been successfully employed as an analytical tool 
for evaluation studies both of the original single crystals and of the 
diffused slices prior to device fabrication. 


Ercuine. A review of the available literature on the etching of ger- 
manium and silicon material and their semiconductor assemblies would 
indicate, at one and the same time, numerous similarities and differences. 
The similarities would include the objectives of the etching procedure 
and the basic constituents of the etchants; the differences would embrace 
the details of the procedure such as the minor constituents of the bath, 
the containers and the jig materials, and the time and temperature of 
operation of the etchant. 

Semiconductors are etched for a variety of reasons. First, etches are 
employed as an analytical tool to locate crystal planes. Second, specific 
etchants are available to expose dislocations, crystalline imperfections, 
etch pits, etc. In each of these two categories, the etch is used to char- 
acterize the material and is preferential in its attack, A third purpose 
is the removal of damaged crystalline material, It is desirable that this 
type of etchant be essentially non-preferential and highly controllable. 
In some situations a highly polished surface is desired and, in others, a 
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matte surface is wanted. The fourth objective of etching is to remove 
junction shorting materials or to remove contaminants deposited on 
surfaces during device fabrication. 

The basis for practically all etches for germanium and silicon is the 
employment of an oxidizing agent in conjunction with a second component 
which dissolves the oxides as they are formed. Well-known and con- 
venient oxidizing agents are nitric acid (HNOs;) and hydrogen peroxide 
(H2O2). Hydrofluoric acid (HF) is used as the oxide solvent. 

Catalysts, inhibitors, and moderating agents are added as needed to 
meet various objectives. For example, the combination of H2Os.-HF 
produces a matte surface on germanium useful for the fabrication of 
point contact devices. On the other hand, a polished surface is obtained 
with HNO3-HF mixtures moderated by glacial acetic acid and with small 
amounts of bromine as an accelerator. Other etchants which have been 
widely used employ salts of copper and silver as catalysts. 

These chemical etchants at best are corrosive, a safety hazard in 
handling, and somewhat temperamental. Because of their rapid attack 
on most metals, some means of protection must be provided for leads 
and supporting structures to prevent their reaction. Organic materials 
such as polystyrene have been used, but their application and removal 
are costly. Plating of these supporting materials is frequently employed; 
however, a coating of a noble metal such as gold may be used only if there 
are no side reactions initiated because of galvanic cell potentials. 

Fortunately we have available in the electrochemical processes (Ref. 9) 
more controllable and less hazardous techniques than the chemical 
etchants. Masking, and the subsequent demasking, can usually be dis- 
pensed with, since the flow of the etching solution can be directed to 
just those portions of the assembly that require etching. Furthermore, 
the solutions employed in electrochemical etches are generally very 
dilute and non-hazardous. 

The controlled stream electrochemical process proved itself particularly 
useful for the etching of grown germanium junctions. In addition to this 
advantage, a substantial reduction in etching time was realized. 

Attention must be carefully given to the problem of local heating 
effects during rapid etching procedures. Polishing solutions such as 
CP-4 (Ref. 10) attack semiconductor material very vigorously and 
liberate considerable heat. Ifthe solution is not maintained at reasonable 
constant temperature, local hot spots develop at certain locations on the 
surface of the germanium and silicon, causing more rapid attack in those 
areas. To minimize this effect adequate cooling and vigorous agitation 
of the bath should be employed. When this is provided, very uniform 
surfaces may be obtained and the rate of attack on the surface is quite 
reproducible. 


SUMMARY 


Chemistry and chemical processing play a significant role in transistor 
fabrication technology, Materials of construction and processing tools, 
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jigs, fixtures, and furnaces, etc., must all be carefully examined and con- 
trolled. Etching techniques to characterize single crystals, to remove 
damaged materials, to remove surface contaminants, and in some cases 
to stabilize surfaces play a significant role not only in producing transis- 
tors but in assuring reliability. Finally, electrochemical techniques for 
applying masks, solders, and contact materials have been particularly 
effective for the tiny parts involved. 
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Chapter 5 
ETCHING TECHNIQUES 


The etching of semiconductors is a vital part of the fabrication tech- 
nology. The employment of etches to characterize materials by revealing 
imperfections and crystal planes is covered in Volume II (Chap. 3B) and 
also in Volume I. The influence of etches on the behavior of surfaces is 
discussed in Chapter 11 of Vol. II. In this chapter we present, principally: 
the fabrication aspects of etching, with a paper on the electrochemical 
behavior of germanium; a presentation of the electrolytic etching of 
germanium; and a discussion of the electrolytic shaping of germanium 
and silicon. The use of electrochemical etches to produce surface barrier 
devices, and a combination of photoengraving and etching to produce 
micro-dimensional devices, are illustrative of the present, and potential, 
wide scope of etches in tHe fabrication of transistors and are presented 
as challenging procedures. 

In general there is little available in the nature of concise, accepted 
process information on etching procedures, particularly, as applied to 
silicon. Such understandings will ‘eventually dissipate the empirical 
atmosphere which currently dominates this area of technology. 


5A. THE ANODE BEHAVIOR OF GERMANIUM 
IN AQUEOUS SOLUTIONS * 


D. R. TURNER 


The anode characteristics of n- and p-type germanium are different. A 
large voltage barrier is observed at about 0.8 ma/cm? current density at 
room temperature on n-type but not on p-type electrodes. The voltage 
barrier on 3 ohm-cm n-type germanium anodes breaks down at about 9 v 
in many electrolytes. During anodic dissolution the germanium surface 
appears to be covered with about a monolayer of oxide or hydroxide. This 
suggests that germanium goes into solution as a complex ion with the 
hydroxyl or oxide radicals attached. A mechanism is proposed for the 
over-all anode dissolution process involving two holes and two electrons 
for each germanium atom dissolving. 1 





* Originally published J, Electrochem. Soc., Vol, 103, April 1956. 

The author wishes to acknowledge the many helpful comments and criticisms 
received from H, 1. Haring, U, B. Thomas, and J, F, Dewald during the course of 
the work and the preparation of thie paper, 
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INTRODUCTION 


The relatively small number of current carriers in semiconductors such 
as germanium make them poor conductors of electricity as compared to 
most metals. This low carrier density and the fact that current may be 
carried by both electrons and holes has an effect on the electrolytic be- 
havior of germanium in electrolytes since it is possible to produce appreci- 
able carrier concentration gradients inside the semiconductor at moderate 
current densities. 

The semiconductor physics of n- and p-type germanium as anode and 
cathode in electrolytes has been investigated by Brattain and Garrett 
(Ref. 1,2). By changing the relative concentration of holes and electrons 
in the germanium surface with light, they have shown that the rate of the 
anodic dissolution process is controlled by the supply of holes at the ger- 
manium-electrolyte interface. The observed potential of a germanium 
anode therefore may be composed of three parts: (a) the reversible 
potential of germanium in the electrolyte; (b) the polarization potential 
which is given by the Tafel equation; and (c) an internal space-charge 
potential due to a concentration gradient of holes just under the ger- 
manium surface. The latter is significant only when holes are the 
minority carrier, i.e, when the germanium is n-type. 

The anodic solution of germanium has been studied by Jirsa in acid 


and alkaline solutions (Ref. 3). He reports that germanates are formed — 


in alkaline solutions, while the corresponding germanium salts are formed 
in acid electrolytes. There is good evidence, however, which indicates 
that the stable form of germanium in acid solutions is metagermanic 
acid, HeGeOs (Ref. 4). 

The purpose of this investigation was to learn something of the nature 
of the electrode reactions occurring at a germanium anode in aqueous 
solutions. 


EXPERIMENTAL 


Two methods were used to study the anode behavior of germanium: ( a) 
the electrode potential was measured relative to a saturated calomel 
reference electrode at various current densities; and (b) electrode poten- 
tial changes with time were recorded while a constant current was started, 
stopped, or reversed through the electrolytic cell. 

The experimental arrangement is shown schematically in Fig. 1. 
Voltages up to 1.4 v were measured with a Leeds and Northrup pH indi- 
cator meter. A General Radio Type 728-A de vacuum tube voltmeter 
was used for higher voltage measurements. Potential-time curves were 
recorded on a Model 127 Sanborn recorder. The electrolytic cell was 
designed so that current distribution over the germanium electrode was 
uniform, see Fig. 2. The tip of the Luggin capillary was positioned so 
that only one corner touched the germanium electrode, This arrange- 
ment produces a negligible amount of masking by the capillary tip and 
yet insures sufficient proximity to avoid including an appreciable solution 
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Fic. 1 Experimental arrangement for dynamic potential studies. 







REFERENCE 


ELECTRODE — COPPER WIRE 


—100 ML TALL- 
FORM BEAKER 


POLYSTYRENE 
CEMENT COATING 












AND METAL FOR 
WEIGHTING 
1, 


FROM CATHODE CHAMBER 


Fia. 2 Cross-section view of the anode chamber designed for uniform current 
distribution. 
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IR drop in the potential measurement. A constant current power source 
consisted of 180 v (large dry cell batteries) in series with a large resistance. 
A platinum electrode 1 cm? area was used as the auxiliary electrode. 
Single-crystal germanium bars 2 mm x .1 mm in cross section and lengths 
of about 1 cm for p type and 2 cm for n type were used as electrodes. 
These were soldered with appropriately doped lead-tin solder to 50 mil 
diameter copper wires for support and an ohmic electrical connection. 
The solder joint and an area above and below were coated with poly- 
styrene cement. Electrodes usually were immersed up to the edge of the 
polystyrene coating. The resistivity of both types of germanium was 
about 3 ohm-cm. 

Solutions of 0.1N sulfuric acid and 1N potassium hydroxide either 
initially free of germanium or saturated with germanium dioxide were 
used for most of the experiments. The most reproducible data were ob- 
tained with electrolytes saturated with germanium dioxide. 


ELECTRODE PoTENTIAL-CURRENT CHARACTERISTICS. The primary anode 
reaction at a germanium electrode in aqueous solutions is germanium 
dissolution. At low current densities, anodes of both n- and p-type 
germanium obey the Tafel equation: H = a+ b log 7, where E is the 
anode polarization potential, 7 is the current density, and a and b are 
constants. In 0.1N sulfuric acid, the slope b is 0.12 which is about the 
value usually observed. Deviations from the Tafel relation occur with 
both germanium types, but the greatest change takes place with n-type 
electrodes as shown in Fig. 3. The large rise in potential in the vicinity 
of 0.8 ma/cm? current density is similar to the current block obtained 
with solid-state rectifiers. The value of 0.8 ma/cm? cannot be considered 
too significant, since the saturation current density is a function of the 
resistivity and the minority carrier lifetime of the germanium used as 
anode. Uhlir (Ref. 5) has found that the temperature variation of the 
saturation current of the barrier between n-type germanium and potassium 
hydroxide solution is quite like that of a p-n junction. About a tenfold 
increase in the saturation current is obtained for each 30°C rise in temper- 
ature. The anode potential in the saturation current region is also 
photosensitive (Ref. 6). Light furnishes hole-electron pairs at the surface 
which tend to destroy the voltage barrier. All electrode potential-current 
measurements were made with the germanium electrode under study in 
the dark. The saturation current observed on n-type germanium anodes 
has been shown by Garrett and Brattain (Ref. 2) to be due to a depletion 
of holes at the anode surface. Since holes are the minority carrier in 
n-type germanium, the saturation current represents the point at which 
holes are used up in the anode process as fast as they are able to diffuse 
in the germanium, from the bulk to the surface, 

The anode voltage barrier on n-type germanium breaks down at about 
9 v in 0.1N sulfuric acid, as shown in Fig. 8. The breakdown potential 


should be a function of the resistivity of the germanium (Ref, 7), The — 


higher the resistivity the greater the breakdown voltage, There is a 
tendency for the anode potential to continue up without a breakdown 
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under some conditions. This always occurs in concentrated salt solutions 
of sodium dichromate or sodium nitrate. When breakdown does occur 
even in these electrolytes, however, the anode potential never falls below 
about 9 v. The breakdown in the voltage barrier is assumed to be an 
avalanche type of breakdown (Ref. 7). Hole-electron pairs are produced 
in the breakdown process and the anode current is no longer controlled 
entirely by the diffusion of holes from the germanium bulk. n-type ger- 
manium electrodes were always pitted after being made anode above 
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Fic. 3. Typical anode potential-current density curves for n- and p-type ger- 
manium in 0.1N H.SO, saturated with GeO,. Temperature ~25°C; 
electrode in dark. 


the breakdown potential. It is believed that breakdown only occurs at 
these points of pitting, and the reason breakdown may not take place in 
concentrated electrolytes is that any pits which form become filled with 
anodic products which are not readily soluble in the electrolyte. _This 
may also explain the rapid rise in potential at high current densities in 
0.1N sulfuric acid as shown in Fig. 3. 

The anode efficiency of germanium dissolution was measured in a 1NV 
potassium hydroxide electrolyte at current densities ranging from 3.5 to 
50 ma/em? using a copper coulometer. Assuming a germanium valence 
of four, the anode efficiencies were remarkably uniform at about 95 per 
cent. 

The relatively small deviation in the anode potential of p-type ger- 
manium from the Tafel equation at high current densities can be attrib- 
uted to two TR drops, one in the germanium and the other in an anode 
film of germanium dioxide which forms faster than it can be dissolved by 
the electrolyte. The 7R drop in the germanium electrode at the highest 
current was less than 0,2 v which accounts for only a portion of the 


deviation, 


a 
~~ 
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OscILLocRAPHIC StupiEs oF GERMANIUM SurFaces. The nature of the 
surface of germanium after a chemical or electrochemical treatment may 
be studied by either reducing or oxidizing the surface layer electrochem- 
ically. The technique involves starting, stopping, or reversing a constant 
current through the cell while the electrode potential against a saturated 
calomel reference electrode is recorded on an oscillograph. These poten- 
tial-time records may be used to determine the number of coulombs re- 
quired to carry out a particular electrochemical reaction and thus the 
amount of material involved in the process. The potentials themselves 
are characteristic of the materials taking part in a particular electrode 
Weer a) This technique has been used in the study of tarnish films 

Ref. 8). 
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Fic. 4 Typical oscillograph record of germanium-made anode and cathode in 
0.1N H,SO,; current density ~0.3 ma/cm?. 


A typical oscillograph record with germanium electrodes made anode 
and cathode in 0.1N sulfuric acid is shown in Fig. 4. The record begins 
with the open circuit (zero current) electrode potential and then succes- 
sively the germanium is made anode, cathode, and anode again. When 
germanium is made anode in solutions there always is some “overshoot” 
in potential. The term “overshoot” is applied to the initial maximum ob- 
served in potential-time curves and is often observed for other metals. 
In oxidizing solutions such as chromic acid this can be a very large effect 
on germanium amounting to several volts. The actual amount of over- 
shoot voltage obtained appears to be a logarithmic function of the constant 
current applied to the cell. Oxidizing solutions appear to form a 
protective oxide layer on germanium which inhibits the anodic dissolution 
process. This causes the electrode potential to rise above the normal 
dissolution potential for the applied current. As the protective film is 
removed by being physically displaced or undermined, the anode potential 
drops to the stable value. The steady-state anode reaction is germanium 
dissolution. A discussion of this process will be given later. 

When the electrode is switched from anode to cathode (by reversing 
the cell current) in Fig. 4, the potential changes abruptly to a. The 
potential at a is about —0.65 v vs SCE or —0.4 v on the hydrogen scale. 


The standard electrochemical potential of germanium is believed to be | 


about the same value, This is followed by a relatively slow linear in- 
crease in the cathode potential with time along ab, At b the electrode 
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potential reaches a stable value. The cathode reduction process ab 
always requires about 4 X 10-4 coulomb/cm? regardless of the cathode 
current density or the anodic pretreatment time or current. This is 
significant since it means that in the continous anode dissolution process 
the germanium surface layer always contains a definite amount of 
reducible material. These results will be considered in discussing the 
anode and cathode processes. The final cathode reaction bc is the dis- 
charge of hydrogen ions and evolution of visible hydrogen gas. The 
cathode potential at b increases in proportion to the log of the current 
density. This also results in a slight increase in the length of section 
ab and is attributed to the coulombs required to charge the electrical 
double layer capacitance (about 20 uf/em?) to the higher cathode poten- 
tial. The anode curve obtained when the germanium electrode is switched 
from cathode to anode has an approximately linear section de which in- 
volves about 2 * 10-4 coulombs/cm? or half of that used in the cathode 
process ab. 


DISCUSSION 


The voltage barrier observed when n-type germanium is made anode at 
a critical current density has been attributed to a p-n junction at the 
surface (Ref. 2, 9). A layer of negative charges attracted to the surface 
by the anode bias induces in the surface of the germanium a thin layer 
which is changed from n to p type. This p-type surface layer next to 
the n-type bulk germanium makes a p-n junction and the voltage bias 
is in the blocking direction. No anode voltage barrier is found with p-type 
germanium since the anodic surface condition described only tends to 
make the germanium surface layer more p type than the bulk. 

The critical current at which blocking begins on n-type germanium 
made anode in an electrolyte may be determined by the rate at which 
electrons are extracted from the solution into the germanium and/or holes 
diffuse from the germanium bulk to the surface. Electrons can be ex- 
tracted from solutions only by anion discharge. Hydroxyl ions are the 
most easily discharged anions in the solution studied. No oxygen gas 
bubbles were visible at the anode, however, to indicate hydroxyl ion 
discharge. Furthermore, anode efficiency measurements show that the 
sole anode process at the point of current saturation is germanium dissolu- 
tion. Thus, saturation current appears to be controlled only by the rate 
of hole diffusion. In order to put a germanium ion into solution from 
a site on the surface of a crystal lattice, chemical bonds to underlying 
germanium atoms must be broken. The process requiring the least 
amount of energy to break these bonds is the migration of holes from the 
germanium bulk to the surface. Below the breakdown potential these 
holes come largely from the bulk. Above breakdown, the migrating holes 
multiply in the high field of the space-charge region at the surface to in- 
crease germanium dissolution and the flow of current through the elec- 
trolysis cell, 

A breakdown in the voltage barrier would also occur if the potential 
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at the germanium-solution interface were to exceed that required for 
the continual discharge of anions (Ref. 10). As previously stated, how- 
ever, no anion discharge was observed. 

The electrochemistry of the steady-state anode reaction at germanium 
electrodes in sulfuric acid below the saturation current for n type was 
studied with the aid of cathodic reduction experiments. The observed 
linear change in cathode potential with time at a constant current after 
an anodic pretreatment is the type of curve expected where the material 
being reduced is present initially as a monolayer or less. The cathode 
potential increases as the surface area covered with the material being 
reduced decreases. As the concentration of the reducible material ap- 
proaches zero, the cathode potential becomes relatively constant and 
corresponds to the polarization voltage of hydrogen ion discharge on 
germanium. 

A mechanism of germanium dissolution was suggested by the results 
of the anode-cathode curves in 0.1N sulfuric acid. The 4 10-* cou- 
lombs/cm? required in the cathode reduction process turns out to be about 
4 electrons per surface germanium atom, assuming that the true area of 
a chemically polished surface is about 1.4 times the apparent area (Ref. 
11) and the surface atoms are arranged according to a (100) crystal 
orientation. Since the same amount of material is cathodically reduced 

egardless of the anodic pretreatment time or current density, the 
ermanium surface layer must contain a fixed amount of reducible sub- 
stance continuously during the anode process. This result can be 
explained if it is assumed that the surface layer always contains about a 
monolayer of hydroxide or oxide during germanium dissolution. Since 
free Ge+* germanium ions do not exist in aqueous solutions to any extent, 
it is likely that germanium ions go into solution as complex ions with 
the hydroxide or oxide radicals attached. This anode process may be 
shown schematically as follows: 


HO OH HO OH 
++ ah 84 ++ 
TI/II] Ge T7171] + 2e* — TT] TTT + Ge (1) 
"Sues oe ++ 
Ge Ge Ge Ge 


(The dots represent covalent bonding electrons and e+ represents a hole). 

The electrochemical reaction written suggests that in the anodic process 
the covalent bonds between a surface germanium and underlying atoms 
are broken by the arrival of two holes. It has been shown that holes 
are required to carry out the primary anode process on germanium 
(Ref. 2). 

The stable form of germanium in neutral or acid solutions is meta- 
germanic acid: 


Ge(OH),*+ + H,0 — H,GeO, + 2H* (2) 


Germanium is about as active electrochemically as iron, Thus a per- 
fectly clean surface of germanium would react with water as follows: 
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HO OH 
. +> 
]/] Ge 77] + 2H20 — J/] Ge 7/7] + 2H* + 2e-, (3) 
Ge Ge Ge Ge 


giving up two conducting electrons. The over-all germanium anode reaction 
in aqueous solutions is, therefore: 


Ge + 2e+ + 3H,O0 — H,GeO3 + 4H* + 2e— (4) 


The four electronic charges required to dissolve one germanium atom 
are conducted away from the surface as two holes and two electrons. 
This is consistent with the results of Garrett and Brattain (Ref. 2), who 
found that, when’ holes were injected into an n-type germanium anode, the 
anode current changed about twice that of the injected hole current. 

Above the breakdown potential, about 9 v in 0.1N sulfuric acid, it is 
assumed that holes also become available at the surface as the result 
of the creation of hole-electron pairs in the space-charge region by the 
avalanche process, and the kinetics of the germanium dissolution process 
is no longer limited by hole diffusion from the bulk. 

At very high current densities germanium may go into solution so 
rapidly that the electrolyte cannot dissolve it all and white GeO» forms on 
the surface. Occasionally an orange-colored deposit is observed on ger- 
manium after being anodized at high current densities. This has been 
identified as the germanium monoxide (Ref. 3). The effective valence 
for germanium dissolution under these conditions is two. The primary 
reaction may be as follows: 


HO OH HO OH O- 
++ ++ ++ 

Imm Ge Tm — Tl TMl+ Ge +Ge+H,0 (6) 
Ge Ge Ge Ge 


The two electrons are obtained in returning the monolayer of hydroxide 
to the surface, equation (3). 

The initial reaction proposed when a germanium electrode is switched 
from anode to cathode, i.e., when the current is reversed in the electrolytic 
cell, is the reduction of the hydroxide or oxide surface layer and the forma- 
tion df a hydride layer as follows: 


HO OH HH 
++ ined 
7] Ge T7171 + 4H*+ + 4e- — 7/77/] Ge 7//77] + 2H20 (6) 
Ge Ge Ge Ge 


This is the electrochemical process which was observed experimentally 
and required about 4% 10°* coulomb/em* or four electrons for each 
surface germanium atom, The initial assumption about the nature of the 
germanium anode surface is based on these results, 
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When germanium is made anode immediately after being cathode, only 
two electrons per surface germanium atom were required in the initial 
oxidation process. This result can be explained if it is assumed that the 
hydrogen atoms of the surface hydride prefer to combine chemically 
as molecular hydrogen rather than be oxidized back to hydrogen ions 
when the current is reversed: 


HH 
TM Ge TM — Ti Ge I + H:H (7) 
Ge Ge Ge Ge 
This chemical process may then be followed by the electrochemical reaction: 
HO OH 
oe ++ 
77] Ge 7// + 2H20 — 7// Ge 7/7] + 2e~ + 2Ht (8) 
Ge Ge Ge Ge 


where two electrons are required for each surface germanium atom to 
return it to the condition of anode dissolution. 


SUMMARY AND CONCLUSIONS 


1. The primary anode reaction at a germanium electrode is germanium 
dissolution. The E-J curve obtained for a germanium anode in aqueous 
solutions is different for n- and p-type germanium. A surface barrier 
is observed with 3 ohm-cm n-type germanium electrodes at room temper- 
ature at about 0.8 ma/cm? current density. The voltage barrier which 
is attributed to a limiting rate of hole diffusion to the surface breaks down 
at about 9 v. The breakdown is presumed to be similar to the avalanche 
type of breakdown which occurs in solid-state p-n junctions. 

Deviations from the Tafel equation with p-type germanium at high 
anode current densities are attributed to JR drops in the bulk of the 
electrode and an anode film of germanium dioxide. 

2. When germanium is made anode in aqueous solutions, the anode 
potential-time curve passes through an initial maximum which signifies 
that germanium has some difficulty in dissolving at first. This is attrib- 
uted to a protective oxide layer on the surface which inhibits dissolution 
until it is removed by some displacement process. The effect is very 
large in strongly oxidizing solutions such as chromic acid where the 
oxide layer is more protective against anodic dissolution. 

3. The results of the anode-cathode potential-time curves indicate that 
during anodic dissolution the germanium surface is always covered with 
a monolayer of hydroxide or oxide. It is suggested that germanium goes 


into solution as a complex ion with the hydroxide or oxide radicals — 


attached, The mechanism proposed for germanium anode dissolution is 
a two stage process: (a) the germanium complex ion goes into solution 
when two holes arrive at the surface, and (b) two hydroxy! ions react 
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with the surface giving up two conducting electrons to the germanium and 
renewing the surface monolayer of hydroxide or oxide. 
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5B. ELECTROLYTIC STREAM ETCHING 
OF GERMANIUM * 


MILES V. SULLIVAN AND JOHN H. EIGLER 


A technique has been developed for the electrolytic etching of germanium 
in a controlled stream of 0.1 per cent potassium hydroxide. By means 
of a special jig, the etching is restricted to the junction area without the 
aid of the usual masking wazes. 


INTRODUCTION 


In the processing of semiconductor materials for use in transistor 
devices, it is necessary to etch the surface in order to remove all the 
mechanical debris formed in cutting and shaping operations. This etch- 
ing also removes any chemical contamination introduced during process- 
ing. 

In the past, this etching has been done with very corrosive chemicals 
such as hydrofluoric acid, nitric acid, acetic acid, bromine, and hydrogen 
peroxide. Because these materials are so very corrosive, it has been 
necessary to protect solder joints, lead wires, and other portions of the 
device by masking them with an inert material. The application of this 
masking material is done under a microscope by a skilled operator and is 
both difficult and time consuming. The desire to eliminate this masking 
and the subsequent unmasking operation led the authors to develop a 
technique of stream electroetching which does not require masking. It 
will be seen, however, that other advantages have also accrued, 





* Originally published in J, Hleetrochem, Soe, Vol, 108, Meb,, 1966, 
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Electroetching of germanium which is submerged in an electrolyte has 
been previously described (Ref. 1), but this method requires masking 
to protect the surfaces which are not to be etched. Jet electroetching of 
germanium was introduced by Tiley and Williams (Ref. 2) and has been 
successfully applied to the fabrication of certain types of transistors, but 
has not been adapted for use on grown junction. The technique to be 
described in this paper is another modification of electroetching in which 
a stream of electrolyte is allowed to flow over certain portions of the 
sample to be etched but is restrained from wetting other portions by sur- 
face tension between the stream and a special etching jig. 


APPARATUS AND PROCESS 


Four principles in the process restrict the etching current to the desired 
areas of the device. First, the use of an electrolyte whose conductivity 
is lower than that of the material being etched assures one that the most 





NOZZLE FOR 
FEEDING ELECTROLYTE 


Fic. 1 Stream electrolytic etching of a p-n junction. 


intense etching takes place on those portions of the germanium which are . 


the nearest to the cathode, And since the cathode can be positioned close 
to the pen junction, one is then able to give the junctions the most intense 
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etching. Second, the use of a close electrode spacing along with the low- 
conductivity electrolyte results in a rapid etching rate for those areas 
directly opposite the cathode. Third, the use of a shaped cathode aids con- 
siderably in giving a relatively uniform etch to that area of the germanium 
which is directly opposite the cathode. Fourth, the use of a restricted 
stream of etchant very definitely limits the etching to those areas which 
are wetted by the electrolyte. 

These restrictions to the etching current permit one to control the 
etching pattern precisely enough to make it unnecessary to resort to mask- 
ing in any of the applications of this technique. A convenient jig for 
maintaining a restricted stream of electrolyte around a typical junction 
bar is a hairpin-shaped piece of platinum wire (see Fig. 1). The electro- 
lyte which is gravity fed from a nozzle above the hairpin is constrained 
by surface tension to flow between the legs of the hairpin. The ger- 
manium bar is brought up from below and placed between and at right 
angles to the legs of the hairpin. The rate of flow of electrolyte is adjusted 
to maintain a flow over only that portion of the germanium bar which 
lies between the hairpin legs but not for any appreciable distance beyond. 
In this manner the leads which are connected to the ends of the germanium 
bar are not wetted. 

Etching times and currents vary with the material being etched and its 
past history. With 0.1 per cent potassium hydroxide as the electrolyte, 
the first etch after the usual mechanical shaping operation requires 1-2 
min, whereas a cleanup etch after waxing and dewaxing requires only a 
few seconds. Etching current densities up to 15 amp/cm? have been em- 
ployed although most of this work has been carried on at 1.5 amp/cm?. 


RESULTS 


Starting with a p-n junction diode whose surface has been lapped with 
#600 Carborundum, Fig. 2 shows that about 25 » (0.025 mm) of damaged 
material (Ref. 3) must be removed before a low saturation current is 
obtained on the diode. The subsequent decrease in current as more mate- 
rial is removed is the result of reducing the cross-sectional area. (Original 
cross section was 0.63 < 1.27 mm.) 

Fig. 3 shows the appearance of the original surface of the diode (frame 
0) and the effect of successive 1-min applications of electroetching. Note 
that the extremities of the bar are not etched. 

In the processing of n-p-n grown-junction triodes, the introduction of 
this technique in place of chemical etching has resulted in a considerable 
simplification of the fabrication. This includes the elimination of long- 
lifetime treatments (Ref. 4) and their associated washes and masking 
operations and their subsequent removal with the appropriate organic sol- 
vents, This has resulted in an over-all savings of about 20 per cent on 
the man hours required in the processing of such devices, In addition to 
the rather obvious economic advantage gained by cutting down the num- 
ber of steps required, it has been found that a number of other advantages 
have accrued, 
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Fic. 3 p-n junction after successive one-minute electroetches. 
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1. Rate of etching can be controlled. It is quite evident that the electro- 
etching rate is under far better control than is realized in simple chemical 
etching. There is the further implication, however, that the process may 
be speeded up considerably. Although it is possible to perform the entire 
etching in a few seconds, from practical considerations, times of the order 
of one minute are usually employed. 

2. Contamination is minimized. Since a continuously flowing system 
is used, contamination from previous etchings will be minimized. Further, 
since there is no masking, there will be no contamination by the masking 
material itself or by etchant which may be trapped or adsorbed by the 
masking. 

3. Etchant is inexpensive. It is less than one-tenth the cost of chemical 
etchants usually employed. It should be pointed out that this cost differ- 
ential will be even greater in large-scale production since it will then be 
necessary to neutralize the chemical etchants before disposing of them. 

4. Etchant 1s nonhazardous. This appears as a pleasant change from 
the very hazardous chemical etches, the handling and disposal of which 
posed a considerable problem for very large-scale commercial usage. 

5. Etching can be done after the germanium has been mounted on its 
header. When chemical etches were employed, it was customary to mask 
and etch at an early stage in the fabrication process since masking be- 
comes more difficult and is more extensive as the device is further assem- 
bled. Now that the necessity for masking has been eliminated, the etch- 
ing may be postponed to a later stage of fabrication, thus decreasing the 
chances for contamination and simplifying the precautions necessary dur- 
ing the early processing. 

6. A more stable surface 1s formed. A number of recent tests have 
shown that a germanium surface which has been anodically etched in po- 
tassium hydroxide is more desirable than the chemically etched surface. 
For example, the electroetched grown junctions maintain their low reverse 
current even when exposed to a relative humidity of 50 per cent (see Fig. 
4). Under these same conditions, chemically etched junctions show over 
a 100 per cent change in reverse current. Each point in Fig. 4 is the 
average of six junctions and the data were taken after at least 24 hr in the 
indicated humidity. Also, electroetched surfaces have low surface recom- 
bination rates, in fact, lower than has been reported for many of the 
other usual chemical etches (Ref. 5,6). And last, the spread in electrical 
characteristics has been noticeably less on electrolytically etched surfaces 
than on chemically etched surfaces. 

Because of the very interesting properties displayed by these surfaces, 
they have been examined (Ref. 7) by electron diffraction techniques. 
These studies have shown that some of the germanium dioxide which is 
formed during the electrolysis remains on the surface of the germanium 
asa thin film. It is believed that this oxide film is responsible for some 
of the unusual properties of electroetched germanium. In fact, the dif- 
ferent reaction of the chemically etched surface after the first humidity 
cycle in Fig, 4 may be attributed to the slow building of an oxide film on 
the surface, 
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Microscopic examination of the electroetched surface shows various 
types of etch pits, including those found at lattice dislocation centers 
(Ref. 8). Although a certain degree of control over the appearance of 
these pits may be achieved in the etching process, the exercising of this 
type of control has very little influence on the electrical characteristics 
of the etched device. 
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Fic. 4 Humidity stability of electroetched junctions. Curve 3 contains points 
from both the first and the second humidity cycle. 


A technique has been developed for the electrolytic etching of germa- 
nium in a controlled stream of electrolyte. The three main advantages 
of the process as compared to chemical etching are: (a) the product has 
been improved, presumably by virtue of the oxide film formed during the 
etching; (b) handling and treatment operations are simplified by elimi- 
nating the masking and unmasking operations; and (c) the safety condi- 
tions have been improved by eliminating hazardous chemicals. 
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5C. ELECTROLYTIC SHAPING OF GERMANIUM 
AND SILICON * 


A. UHLIR, JR. 


Properties of electrolyte-semiconductor barriers are described, with em- 
phasis on germanium. The use of these barriers in localizing electrolytic 
etching is discussed. Other localization techniques are mentioned. Elec- 
trolytes for etching germanium and silicon are given. 


INTRODUCTION 


Mechanical shaping techniques, such as abrasive cutting, leave the 
surface of a semiconductor in a damaged condition which adversely affects 
the electrical properties of p-n junctions in or near the damaged material. 
Such damaged material may be removed by electrolytic etching. Alter- 
natively, all of the shaping may be done electrolytically, so that no 
damaged material is produced. Electrolytic shaping is particularly well 
suited to making devices with small dimensions. 

A discussion of electrolytic etching can conveniently be divided into 
two topics—the choice of electrolyte and the method of localizing the 
etching action to produce a desired shape. It is usually possible to find 
an electrolyte in which the rate at which material is removed is accurately 
proportional to the current. For semiconductors, just as for metals, the 
choice of electrolyte is a specific problem for each material; satisfactory 
electrolytes for germanium and silicon will be described. 

The principles of localization are the same, whatever the electrolyte 
used. Electrolytic etching takes place where current flows from the semi- 
conductor to the electrolyte. Current flow may be concentrated at certain 
areas of the semiconductor-electrolyte interface by controlling the flow 
of current in the electrolyte or in the semiconductor. 


* Originally published in B.S.7'J., Vol. 35, March 1956. 

Moat of the experiments mentioned in this paper were carried out by my wife, 
Ingeborg. An exception is the double-dimpling of germanium by light, which was ‘ 
done by T, C, Hall, The dimpling procedures of Figs. 9 and 10 are based on sugges- 
tions by J, M, Barly, The effect of light upon electrolytic etching was called to my 
attention by O, Loosme, W. G, Pfann provided the germanium crystals grown with 
different degrees of stirring, 
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LOCALIZATION IN ELECTROLYTE 


Localization techniques involving the electrolytic current are applicable 
to both metals and semiconductors. In some of these techniques, the 
localization is so effective that the barrier effects found with n-type semi- 
conductors can be ignored; if not, the barrier can be overcome by light 
or heat, as will be described below. 

If part of the work is coated with an insulating varnish, electrolytic 
etching will take place only on the uncoated surfaces. This technique, 
often called masking, has the limitation that the etching undercuts the 
masking if any considerable amount of material is removed. The same 
limitation applies to photoengraving, in which the insulating coating is 
formed by the action of light. 

The cathode of the electrolytic cell may be limited in size and placed 
close to the work (which is the anode). Then the etching rate will be 
greatest at parts of the work that are nearest the cathode. Various shapes 
can be produced by moving the cathode with respect to the work, or by 
using a shaped cathode. For example, a cathode in the form of a wire 
has been used to slice germanium (Ref. 1). 

Instead of a true metallic cathode, a virtual cathode may be used to 
localize electrolysis (Ref. 2). In this technique, the anode and true 
cathode are separated from each other by a nonconducting partition, ex- 
cept for a small opening in the partition. As far as localization of current 
to the anode is concerned, the small opening acts like a cathode of equal 
size and so is called a virtual cathode. The nonconducting partition may 
include a glass tube drawn down to a tip as small as one micron diameter 
but nevertheless open to the flow of electrolytic current. With such a 
tip as a virtual cathode, micromachining can be conducted on a scale 
comparable to the wavelength of visible light. A general advantage of 
the virtual cathode technique is that the cathode reaction (usually hydro- 
gen evolution) does not interfere with the localizing action nor with obser- 
vation of the process. 

In the jet-etching technique, a jet of electrolyte impinges on the work 
(Ref. 3,4). The free streamlines that bound the flowing electrolyte are 
governed primarily by momentum and energy considerations. In turn, 
the shape of the electrolyte stream determines the localization of etching. 
A stream of electrolyte guided by wires has been used to etch semicon- 
ductor devices (Ref. 5). Surface tension has an important influence on 
the free streamlines in this case. 


PROPERTIES OF ELECTROLYTE-SEMICONDUCTOR BARRIERS 


The most distinctive feature of electrolytic etching of semiconductors 


is the occurrence of rectifying barriers. Barrier effects for germanium — 


will be described; those for silicon are qualitatively similar. 

The voltage-current curves for anodic n-type and p-type germanium 
in 10 per cent KOH are shown in Fig. 1, The concentration of KOH is 
not critical and other electrolytes give similar results, ‘The voltage drop 
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Fic. 1 Anodic voltage-current characteristics of germanium. 
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Fia, 2 Arrangement for obtaining voltage-current characteristics. 
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for the p-type specimen is small. For anodic n-type germanium, how- 
ever, the barrier is in the reverse or blocking direction as evidenced by a 
large voltage drop. The fact that n-type germanium differs from p-type 
germanium only by very small amounts of impurities suggests that the 
barrier is a semiconductor phenomenon and not an electrochemical one. 
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Fic. 3 Temperature variation of the saturation current of a barrier between 5.5 
ohm-cm n-type germanium and 10 per cent KOH solution. 


This is confirmed by the light sensitivity of the n-type voltage-current 
characteristic. Fig. 2 is a schematic diagram of the arrangement for 


obtaining voltage-current curves. A mercury-mercuric oxide-10 per cent — 


KOH reference electrode was used at first, but a gold wire was found 
equally satisfactory. At zero current, a voltage Vo exists between the 
germanium and the reference electrode; this voltage is not included in 
Fig. 1. 

The saturation current J,, measured for the n-type barrier at a mod- 
erate reverse voltage (see Fig, 1), is plotted as a function of temperature 
in Fig, 8. The saturation current increases about 9 per cent per degree, 
just as for a germanium pen junction, which indicates that the current is 
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proportional to the equilibrium density of minority carriers (holes). The 
same conclusion may be drawn from Fig. 4, which shows that the satura- 
tion current is higher, the higher the resistivity of the n-type germanium. 
But the breakdown voltages are variable and usually much lower than 
one would expect for planar p-n junctions made, for example, by alloying 
indium into the same n-type germanium. 

Breakdown in bulk junctions is attributed to an avalanche multiplica- 
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Fic. 4 Anodic voltage-current curves for various resistivities of germanium. 


tion of carriers in high fields (Ref. 6). The same mechanism may be 
responsible for breakdown of the germanium-electrolyte barrier; low and 
variable breakdown voltages may be caused by the pits described below. 

The electrolyte-germanium barrier exhibits a kind of current multipli- 
cation that differs from high-field multiplication in two respects: it occurs 
at much lower reverse voltages and does not vary much with voltage (Ref. 
7). This effect can be demonstrated very simply by comparison with a 
metal-germanium barrier, on the assumption that the latter has a current 
multiplication factor of unity, This assumption is supported by experi- 
ments which indicate that current flows almost entirely by hole flow, for 
good metal-germanium barriers (Ref. 8). 

The experimental arrangement is indicated in Fig. 5(a) and (b), The 
voltage-current curves for an electrolyte barrier and a plated barrier on 
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the same slice of germanium are shown in Fig. 5(c).* The curves for the 
illuminated condition were obtained by shining light on a dry face of a 
slice while the barriers were on the other face. The difference between 
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Fic. 5 Determination of the current multiplication of the barrier between 6 
ohm-cm n-type germanium and an electrolyte. 


the light and dark currents is larger for the electrolyte-germanium barrier 
than for the metal-germanium barrier, by a factor of about 1.4. 

The transport of holes through the slice is probably not very different 
for the two barriers. Therefore, a current multiplication of 1.4 is indi- 


*In Fig. 5 the dark current for the plated barrier is much larger than can be ex- 


plained on the basis of hole current; it is even higher than the dark current for the’ 


clectrolyte barrier, which should be at least 14 times the hole current, This excess 
dark current in believed to be leakage at the edgos of the plated area and probably 
does not affect the intrinsic current multiplication of the plated barrier as a whole, 
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cated for the electrolyte barrier. About the same value was found for 
temperatures from 15 to 60°C, KOH concentrations from 0.01 per cent 
to 10 per cent, n-type resistivities of 0.2 ohm-cm to 6 ohm-cm, light cur- 
rents of 0.1 to 1.0 ma/cm?, and for 0.1N indium sulfate. 

Evidently the flow of holes to the electrolyte barrier is accompanied by 
a proportionate return flow of electrons, which constitutes an additional 
electric current. Possible mechanisms for the creation of the electrons are 
discussed by Turner (Ref. 9). 


SCRATCHES AND PITTING 


The voltage-current curve of an electrolyte-germanium barrier is very 
sensitive to scratches. The curves given in the illustrations were obtained 
on material previously etched smooth in CP-4, a chemical etch (Ref. 10) .* 

If, instead, one starts with a lapped piece of n-type germanium, the 
electrolyte-germanium barrier is essentially ohmic; that is, the voltage 
drop is small and proportional to the current. A considerable reverse 
voltage can be attained if lapped n-type germanium is electrolytically 
etched long enough to remove most of the damaged germanium. How- 
ever, a pitted surface results and the breakdown voltage achieved is not 
as high as for a smooth chemically-etched surface. 

The depth of damage introduced by typical abrasive sawing and lap- 
ping was investigated by noting the voltage-current curve of the electro- 
lyte-germanium barrier after various amounts of material had been re- 
moved by chemical etching. After 20 to 50 microns had been removed, 
further chemical etching produced no change in the barrier characteristic. 
This amount of material had to be removed even if the lapping was fol- 
lowed by polishing to a mirror finish. In interpreting this surprisingly 
deep depth of damage, one should consider that the voltage-current curve 
of the electrolyte-germanium barrier will reveal localized damage. On 
the other hand, the photomagnetoelectric (PME) measurement of surface 
recombination velocity gives an evaluation of the average condition of the 
surface (Ref.11). A variation of the PME method has been used to study 
the depth of abrasion damage; the damage revealed by this method ex- 
tends only to a depth comparable to the abrasive size (Ref. 12). 

A scratch is sufficient to start a pit that increases in size without limit 
if anodic etching is prolonged. However, a scratch is not necessary. Pits 
are formed even when one starts with a smooth surface produced by 
chemical etching. A drop in the breakdown voltage of the barrier is 
noticed when one or more pits form. The breakdown voltage can be re- 
stored by masking the pits with polystyrene cement. 

Bvidence that the spontaneous pits are caused by some features of 
the crystal, itself, was obtained from an experiment on single-crystal 
n-type germanium made by an early version of the zone-leveling process. 
A slice of this material was electrolytically etched on both sides, after 
preliminary chemical etching. Photographs of the two sides of the slice 
are shown in Fig. 6, Only half of the slice was immersed in the electro- 





* Five parte HNOg, 3 parts 48 per cont HF, 3 parte glacial acetic acid, Yo part Bry. 
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lyte. The electrolytic etch pits are concentrated in certain regions of the 
slice—the same general regions on both sides of the slice. It is interesting 
that radioautographs and resistivity measurements indicate high donor 
concentrations in these regions. Improvements, including more intensive 
stirring, were made in the zone-leveling process, and the electrolytic etch 
pit distribution and the donor radioautographs have been much more 
uniform for subsequent material. 

Several pits on a (100) face are shown in Fig. 7. The pits grow most 
rapidly in (100) directions and give the spiked effect seen in the illustra- 
tion. After prolonged etching, the spikes and their branches form a com- 
plex network of caverns beneath the surface of the germanium. 





Fic. 6 Electrolytic etch pits on two sides of 0.02-in. slice of n-type germanium. 
Half the slice was in contact with the electrolyte. 


High-field carrier generation may be responsible for pitting. A locally 
high donor concentration would favor breakdown, as would any concavity 
of the germanium surface (which would cause a higher field for a given 
voltage). Very high fields must occur at the points of spikes such as 
those shown in Fig. 7. The continued growth of the spikes is thus favored 
by their geometry. 

Microscopic etch pits arising from chemical etching have been corre- 
lated with the edge dislocations of small-angle grain boundaries (Ref. 13). 
A specimen of n-type germanium with chemical etch pits was photomicro- 
graphed and then etched electrolytically. The etch pits produced elec- 
trolytically could not be correlated with the chemical etch pits, most of 
which were still visible and essentially unchanged in appearance. Also, 
no correlation could be found between either kind of etch pit and the loca- 
tions at which copper crystallites formed upon immersion in a copper sul- 
fate solution. Microscopie electrolytic etch pits at dislocations in p-type 
germanium have been reported in a recent paper that also mentions the 
deep pits produced on n-type germanium (Ref, 14), 

Electrolytic etch pits are observed on n-type and high-resistivity sili- 
con, These etch pits are more nearly round than those produced in ger- 
manium, 
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In spite of the pitting phenomenon, electrolytic etching is successfully 
used in the fabrication of devices involving n-type semiconductors. Pit- 
ting can be reduced relative to normal uniform etching by any agency 
that increases the concentration of holes in the semiconductor. Thus, ele- 
vated temperatures, flooding with light, and injection of holes by an emit- 
ter all favor smooth etching. 
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Fic. 7 Electrolytic etch pits on n-type germanium. 


SHAPING BY MEANS OF INJECTED CARRIERS 


Hole-electron pairs are produced when light is absorbed by semicon- 
ductors. Light of short wavelength is absorbed in a short distance, while 
long wavelength light causes generation at considerable depths. The holes 
created by the light move by diffusion and drift and increase the current 
flow through an anodic electrolyte-germanium barrier at whatever point 
they happen to encounter the barrier. In general, more holes will diffuse 
to a barrier, the nearer the barrier is to the point at which the holes are 
created. For n-type semiconductors, the current due to the light can be 
orders of magnitude greater than the dark current, so that the shape 
resulting from etching is almost entirely determined by the light. As 
shown in Fig. 3, the dark current can be made very small by lowering the 
temperature, 

An ‘example of the shaping that can be done with light is shown in 
Fig, 8 A spot of light impinges on one side of a wafer of n-type ger- 
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manium or silicon. The semiconductor is made anodic with respect to 
an etching electrolyte. Accurately concentric dimples are produced on 
both sides of the wafer. Two mechanisms operate to transmit the effect 
to the opposite side. One is that some of the light may penetrate deeply 
before generating a hole-electron pair. The other is that a fraction of the 
carriers generated near the first surface will diffuse to the opposite side. 
By varying the spectral content of the light and the depth within the 
wafer at which the light is focused, one can produce dimples with a variety 
of shapes and relative sizes. 

It is obvious that the double-dimpled wafer of Fig. 8 is desirable for 


— ae 








Fic. 8 Double dimpling with light. 


the production of p-n-p alloy transistors. For such use, one of the most 
important dimensions is the thickness remaining between the bottoms of 
the two dimples. As has been mentioned in connection with the jet- 
etching process, a convenient way of monitoring this thickness to deter- 
mine the endpoint of etching is to note the transmission of light of suit- 
able wavelength (Ref. 15). There is, however, a control method that is 
itself automatic. It is based on the fact that at a reverse-biased p-n junc- 
tion or electrolyte-semiconductor barrier there is a space-charge region 
that is practically free of carriers (Ref. 4). When the specimen thickness 
is reduced so that space-charge regions extend clear through it, current 
ceases to flow and etching stops in the thin regions, as long as thermally 
or optically generated carriers can be neglected. However, more pitting 
is to be expected in this method than when etching is conducted in the 
presence of an excess of injected carriers. 

A p-n junction is a means of injecting holes into n-type semiconductors 
and is the basis of another method of dimpling, shown in Fig. 9. The p-n 
junction can be made by an alloying process such as bonding an acceptor- 
doped gold wire to germanium, The ohmic contact can be made by bond- 


ing a donor-doped gold wire and permits the injection of a greater excess. 


of holes than would be possible if the current through the p-n junction 
were exactly equal to the etching current, Dimpling without the ohmie 
contact has been reported (Ref, 14), 
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Fic. 9 Dimpling with carriers injected by a p-n junction. 


CONTROL BY OHMIC CONDUCTION 


The carrier-injection shaping techniques work very well for n-type 
material. It is also possible to inject a significant number of holes into 
rather high resistivity p-type material. But what can be done about 
p-type material in general, short of developing cathodic etches? 

The ohmic resistivity of p-type material can be used as shown in Fig. 
10. More etching current flows through surfaces near the small contact 
than through more remote surfaces. A substantial dimpling effect is ob- 
served when the semiconductor resistivity is equal to the electrolyte re- 
sistivity, but improved dimpling is obtained on higher resistivity semi- 
conductor. This result is just what one might expect. But the mathe- 
matical solution for ohmic flow from a point source some distance from 
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Fic, 10 Dimpling by ohmic conduction. 


a planar boundary between semi-infinite materials of different conduc- 
tivities shows that the current density distribution does not depend on the 
conductivities. An important factor omitted in the mathematical solution 
is the small but significant barrier voltage, consisting largely of electro- 
chemical polarization in the electrolyte. The barrier voltage is approxi 


144 FABRICATION TECHNOLOGY 


mately proportional to the logarithm of the current density while the 
ohmic voltage drops are proportional to current density. Thus, high 
current favors localization. 


ELECTROLYTES FOR ETCHING GERMANIUM AND SILICON 


The electrolyte usually has two functions in the electrolytic etching of 
an oxidizable substance. First, it must conduct the current necessary 
for the oxidation. Second, it must somehow effect removal of the oxida- 
tion product from the surface of the material being etched. 

The usefulness of an electrolytic etch depends upon one or both of the 
following situations—the electrolytic process accomplishes a reaction 
that cannot be achieved as conveniently in any other way or it permits 
greater control to be exercised over the reaction. Accordingly, chemical 
attack by the chosen electrolyte must be slight relative to the electro- 
chemical etching. 

A smooth surface is probably desirable in the neighborhood of a p-n 
junction, to avoid field concentrations and lowering of breakdown voltage. 
Therefore, a tentative requirement for an electrolyte is the production of 
a smooth, shiny surface on the p-type semiconductor. Such an electro- 
lyte will give a shiny but possibly pitted surface on n-type specimens 
of the same semiconductor. 

The effective valence of a material being electrolytically etched is de- 
fined as the number of electrons that traverse the circuit divided by the 
number of atoms of material removed. (The amount of material removed 
was determined by weighing in the experiments to be described.) If the 
effective valence turns out to be less than the valence one might predict 
from the chemistry of stable compounds, the etching is sometimes said 
to be “more than 100 per cent efficient.” Since the anode reactions in 
electrolytic etching may involve unstable intermediate compounds and 
competing reactions, one need not be surprised at low or fractional effec- 
tive valences. 

Germanium can be etched in many aqueous electrolytes. A valence of 
almost exactly 4 is found (Ref. 16). That is, 4 electrons flow through the 
circuit for each atom of germanium removed. For accurate valence meas- 
urements, it is advisable to exclude oxygen by using a nitrogen atmos- 
phere. Potassium hydroxide, indium sulfate, and sodium chloride solu- 
tions are among those that have been used. Sulfuric acid solutions are 
prone to yield an orange-red deposit which may he a suboxide of ger- 
manium (Ref. 16). Similar orange deposits are infrequently encountered 
with potassium hydroxide. 

Hydrochloric acid solutions are satisfactory electrolytes. The reaction 
product is removed in an unusual manner when the electrolyte is about 
2N hydrochloric acid. Small droplets of a clear liquid fall from the etched 
regions. These droplets may be germanium tetrachloride, which is denser 


than the electrolyte, They turn brown after a few seconds, perhaps be- — 


cause of hydrolysis of the tetrachloride, 
Htching of germanium in sixteen different aqueous electroplating elec. 
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trolytes has been mentioned (Ref. 8). Germanium can also be etched in 
the partly organic electrolytes described below for silicon. 

One would expect that silicon could be etched by making it the anode 
in a cell with an aqueous hydrofluoric acid electrolyte. The seemingly 
likely oxidation product, silicon dioxide, should react with the hydrofluoric 
acid to give silicon tetrafluoride, which could escape as a gas. In fact, a 
gas is formed at the anode and the silicon loses weight. But the gas is 
hydrogen and an effective valence of 2.0 + 0.2 (individual determinations 
ranged from 1.3 to 2.7) was found instead of the value 4 that might have 
been expected. The quantity of hydrogen evolved is consistent with the 
formal reaction 


Si — Sit” + me7 


Sit” + (4-m)Ht — Sit* + 14(4-m)H2 


(electrochemical oxidation) 


(chemical oxidation) 


where m is about two. The experiments were done in 24 per cent to 48 
per cent aqueous solutions of HF at current densities up to 0.5 amp/cm?. 

The suggestion that the electrochemical oxidation precedes the chemical 
oxidation is supported by the appearance and behavior of the etched 
surfaces. Instead of being shiny, the surfaces have a matte black, brown, 
or red deposit. At 40 magnification, the deposit appears to consist of 
flakes of a resinous material, tentatively supposed to be a silicon suboxide. 
A remarkable reaction can be demonstrated if the silicon is rinsed briefly 
in water and alcohol after the electrolytic etch, dried, and stored in air 
for as long as a year. Upon reimmersing this silicon in water, one can 
observe the liberation of gas bubbles at its surface. This gas is presumed 
to be hydrogen. To initiate the reaction it is sometimes necessary to dip 
the specimen first in alcohol, as water may otherwise not wet it. The 
specimens also liberate hydrogen from alcohol and even from toluene. 

Thus, chemical oxidation can follow electrolytic oxidation. But chemi- 
cal oxidation does not proceed at a significant rate before the current is 
turned on. 

Smooth, shiny electrolytic etching of p-type silicon has been obtained 
with mixtures of hydrofluoric acid and organic hydroxyl compounds, such 
as alcohols, glycols, and glycerine. These mixtures may be anhydrous 
or may contain as much as 90 per cent water. The organic additives tend 
to minimize the chemical oxidation of the silicon. They also permit etch- 
ing at temperatures below the freezing point of aqueous solutions. They 
lower the conductivity of the electrolyte and increase its viscosity. 

For a given electrolyte composition, there is a threshold current density, 
usually between 0.01 and 0.1 amp/cm?, for smooth etching. Lower cur- 
rent densities give black or red surfaces with the same hydrogen-liberating 
capabilities as those obtained in aqueous hydrofluoric acid. 

In general, smooth etching of silicon seems to result when the effective 
valence is nearly 4 and there is little anodic evolution of gas. The elec- 
trical properties of the smooth surface appear to be equivalent to those 
of smooth silicon surfaces produced by chemical etching in mixtures of 
nitric and hydrofluoric acids, On the other hand, the reactive surface pro- 
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duced at a valence of about 2, with anodic hydrogen evolution, is capable 
of practically shorting-out a silicon p-n junction. The electrical proper- 
ties of this surface tend to change upomstanding in air. 


Pe 
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5D. ELECTROCHEMICAL TECHNIQUES FOR 
FABRICATION OF SURFACE-BARRIER 
TRANSISTORS * 


J. W. TILEY AND R. Aw. WILLIAMS 


This paper, one of five originally published on the surface-barrier transis- 
tor, describes typical fabrication methods. A germanium blank is etched 
by directing to its surfaces two opposed jets of a metal salt solution, 
through which current passes in such polarity as to remove germanium. 
In addition to etching away material and disposing of the reaction prod- 
ucts, the flowing solution cools the work. The etching is allowed to con- 
tinue until the thickness of the germanium is reduced to a few microns 
with a tolerance of +45 per cent of the remaining thickness. A sudden re- 
versal of polarity then stops the etching action and immediately initiates 
electroplating of metal electrodes from. the salt onto the freshly cleaned 
germanium surfaces. 


* Originally published in Proc, JRE, Vol, 41, Dec, 1953, ’ 
The authors wish to thank Mra, Blivabeth Zimmerman who assisted in the fabrie 
cation of the earliest experimental unite, 
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INTRODUCTION 


Mechanical precision is a basic requirement in the fabrication of all 
types of transistors. In many cases the limitations on performance, par- 
ticularly with respect to gain and maximum frequency of operation, are 
a function of the ability of the fabrication process to hold close mechani- 
cal tolerances. Electrochemical techniques have succeeded in producing, 
reproducibly, minority carrier transistors with dimensional tolerances of 
less than one micron. As reported elsewhere (Ref. 1), experimental sur- 
face-barrier transistors optimized for high-frequency response uniformly 
have alpha cutoffs between 35 and 50 me, more than four octaves higher 
than commercially available alloyed-junction or grown-junction transis- 
tors. It is the purpose of this paper to describe the basic electrochemical 
processes by which germanium-indium surface-barrier transistors are 
fabricated and to indicate the capabilities of the processes with respect 
to holding mechanical tolerances on the finished transistor. 


FABRICATION PROCESSES 


The germanium-base structure for the surface-barrier transistor is cut 
from single-crystal n-type germanium of appropriate resistivity and ade- 
quately high minority carrier lifetime. The wafers are then lapped to the 
desired thickness. The rectangular germanium blanks for the present 
experimental surface-barrier transistors are 0.050 x 0.100 in. lapped to a 
thickness of 0.006 in. Abrasive cutting of the crystal causes flaws and 
lattice disorder near the ground surface. This requires the subsequent 
removal of the disturbed layer by a more gentle means. Carefully con- 
trolled chemical etching is used for the preparation of an undisturbed 
surface and, in the process, reduces the thickness of the lapped blank to 
0.003 in. A nickel contact is then soldered to one end of the blank. 

The ultimate thickness desired for the active region of the final base 
electrode is on the order of a few microns. Such a thin section of crystal 
is fragile unless well supported and, for this reason, as well as to maintain 
low base resistance, only the active region is reduced to this thickness. 
What is required at this stage is an accurately controlled process which 
can reduce the base electrode thickness without disturbance of the crystal 
surface. 


JET ELECTROLYTIC ETCHING 


A system of electrolytic etching has been developed using two small 
jets of a salt solution. A pair of glass nozzles, approximately 0.005 in. in 
diameter, are mounted on a common axis so as to direct jets of liquid 
toward each other. The germanium blank is placed in the mid-plane be- 
tween the two nozzles so that the jets strike opposite sides of the blank 
simultaneously as shown in Fig, 1, The complete electrochemical system 
is illustrated in Fig, 2, The germanium wafer is connected as the anode 
with electrodes in the glass nozzles as the cathodes, 
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The use of jets of electrolyte eliminates uneven etching caused by gas 
bubbles, reaction products, and so forth, and, in addition, produces 
directly the desired shape of excavation without the necessity of masking 
any portion of the surface. Etching action is principally confined to the 
region immediately under the jet since the electrolyte spreads out in a thin 
sheet across the surface of the wafer. If the resistivity of the solution is 
of the same order of magnitude as that of the germanium, the current 
density must fall off rapidly with radial distance from the jet axis. 

An interesting aspect of the process, requiring careful attention but 
leading to a valuable means of control, results from the fact that the solu- 
tion during etching is biased in the back direction with respect to the ger- 





STREAM 


Fig. 1 Axially aligned glass nozzles direct jets of electrolyte against the ger- 
manium wafer. 


manium. This would prevent current from passing between the germa- 
nium and the solution except for the effects of saturation current aug- 
mented by the effect of light which produces pairs of carriers in the barrier 
region. Control of the light level is therefore important during the process. 

A most useful aspect of this back-biased barrier appears as the excava- 
tions produced by the two jets approach each other. The surface barrier 
extends into the germanium on the order of 0.0001 in. beneath the surface, 
and this region is many orders of magnitude higher in resistivity than the 
interior due to the relative absence of free charge carriers. As the two 
surface barriers approach each other, the current density is reduced to a 
low value controlled to a considerable extent by the ambient light level. 
As a result, the etching action slows down and a flat bottom tends to form 
in each excavation with a thin window separation. This window etches 
more and more slowly so that its thickness can be controlled under ap- 
propriate conditions of light level, solution concentration, and power 
supply voltage. 

Kansas (Ref, 2) shows that a base having a uniform thickness over 
the active region should have much better high-frequency performance 
than one having the usual biconcave form, It is therefore desirable to 
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ETCHING AND 
PLATING CONTROL 
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INDICATOR 






PRESSURE 
RELEASE -~ 


Fic. 2 Schematic diagram of electromechanical processing system. 


use the central region of the excavation, where the thickness is most uni- 
form, for the active portion of the base. 


JET ELECTROPLATING 


Many metallic salts are suitable for electrolytic etching of germanium 
using the technique described above. The salt actually used is chosen on 
the basis of suitability for electroplating the appropriate metal. 

A mere reversal of polarity without readjustment of anything except 
the total current is sufficient to convert the action of electrolytic etching 
into electroplating, the metal ions of the salt solution being deposited in 
the form of dots in the bottom of the excavations produced by the etching. 
Several metals have been found to meet the requirements of surface-bar- 
rier transistor electrodes, ‘The developmental samples discussed by 
Schwars and Walsh were prepared using indium (Ref, 3), For this metal 
the sulfate or chloride in a 0.1 normal solution of low pH has been found 
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to be suitable. A pressure on the order of 15 lb/in.? is used to produce a 
high-velocity jet stream. The pattern flow of electrolyte is shown sche- 
matically in Fig. 1. 


ETCH-PIT GEOMETRY 


The current density for the etching process falls off rapidly with radial 
distance outside the edge of the well-defined jet. More accurately defined 
pits result from a high-resistivity electrolyte, but the geometric require- 
ment favors the larger, flatter pit obtained with the lower resistivity 
solution. 

A typical etching current for a 0.010-in. pit is 1.5 ma and requires a 
voltage of 200-300 v because of the high resistivity of the jets. This cur- 
rent corresponds to approximately 20 amp/in.2—an extremely high etching 
current made possible by the cooling action inherent in the rapidly flowing 
electrolyte. 

Typical surface-barrier transistors are designed to have a barrier 
spacing of 0.0002 in. Starting with a 0.003-in. wafer, etching time ranges 
from 90 to 120 sec. A pilot hole is etched to determine the time required 
for “break through.” The time for etching the pits to the desired depth 
is then reduced accordingly. Typical geometry, in actual practice, can 
be held to a tolerance of +5 per cent of the remaining thickness of 
germanium. 

It is important that the indium electrodes be deposited on a clean, un- 
disturbed surface of the germanium wafer. For this reason the plating 
phase is caused to follow the etching phase by an instantaneous reversal 
of the polarities. Optimum transistor geometry results with electrodes 
relatively small compared with the etch-pit diameters. Typical units, 
with 0.015-in. pits, use 0.003-in. emitters and 0.006-in. collectors. 

The “throwing power” of the plating solution, and, hence, the diameter 
of the indium electrodes, can be varied by adjusting the pH. Experience 
has shown that good results are obtained by adding sulfuric acid to 
lower the pH to the range of 1.2 to 3.5. With constant electrolyte resis- 
tivity, the area of plating can be controlled by modifying the pH. 

During the plating phase, the barrier formed by the germanium and 
the electrolyte is biased in the forward direction; hence, light has little 
effect. The optimum plating current is, in general, lower than for the 
etching phase. The currents during the two phases have independent 
adjustments ganged with the polarity-reversing. switch. 

Electroplated indium has a strong tendency to form dendritic growths. 
This is, in part, a function of the plating solution. In practice it is found 
that 0.0005 in. is a satisfactory thickness for both emitter and collector 
electrodes. 


SURFACE TREATMENT AND PACKAGING 


Experience has shown that a surface clean-up etch is desirable to 
remove contaminants which would otherwise produce low output im- 
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pedance and feedback around the barrier where it is exposed at the 
periphery of the indium electrodes. An etch composed of HF, HNOs and 
H2O is satisfactory for reducing leak- 
age currents and for maximizing the ; eer 
dynamic back resistance of the collec- ACTIVE 
tor barrier. REGION 1 
The processed germanium wafer, az 
etched and plated, is mounted by its °*S* ™®) 
base tab on a glass stem which forms 
the base of the hermetically-sealed 
metal envelope. Leads are connected 
between the base pins and the emitter 
and collector as shown in Fig. 3. The 
transistor is then encapsulated in pol- 
ystyrene and hermetically sealed into 
the container. It is advisable to use 
sealed construction even for experi- 
mental units. 






CONCLUSIONS Fic. 3 Surface-barrier transis- 
tor mounted on experimental 
Experience has already shown that glass stem. 


these electrochemical processes are 

easily capable of fabricating germanium transistors to tolerances meas- 
ured in millionths of an inch. It seems safe to conclude that these 
techniques will find wide application in the fabrication of semiconductor 
devices such as the surface-barrier transistor and others still to come. 
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5E. PHOTOENGRAVING IN TRANSISTOR FABRICATION * 


J. ANDRUS AND W. L. BOND 


Photoengraving as adapted to transistor fabrication is described. Methods 
are given for polishing the crystal plates, cleaning and coating, exposure 
to light through a stencil; the developing of the image, its dyeing and the 
etching of the pattern into the crystal. The method produces strain-free 


*The authors wish to thank G, Berry who did the cutting, grinding and polishing, 
and also A, A, Tartaglia for the photographs, 
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surfaces and allows one to use patterns too small and complicated to be 
cut mechanically. 


Photoengraving is used commercially to etch small intricate patterns 
into metal plates to be used in printing diagrams for books, etc. We 
have adapted the art to our use in transistor fabrication, where it is 
often desired to cut small intricate patterns into surfaces of semicon- 
ductors. The fineness of the detail obtainable is of the order of the 
resolition of the microscope. This method is particularly desirable 
because it should leave a surface that is not strained mechanically— 
mechanical operations: such as grinding, sawing, or scratching always 
leave a strained surface. A strained surface has electrical properties 
that are often objectionable. 

Afier the discovery of materials that are made insoluble by exposure 
to light, photoengraving was possible. One could coat the surface to 
be exgraved with this material and expose it to light through a stencil. 
The dart protected from the light by the stencil is then soluble and can 
be dissolved away by a liquid that cannot dissolve the part of the coating 
that 1as been exposed to light. A corrosive fluid that can etch the surface 
to be engraved but cannot attack the protective coating can now etch 
a paitern resembling the stencil. Those who perfected the art for the 
printing industry had to learn how to polish and clean metal plates (copper 
and sinc are used) so that the corrosive fluid would bite in uniformly. 
They also had to find corrosive fluids (etchants) that would attack the 
metal but not the coating. In the photoengraving trade the coating is 
called resist. 

Silcon and germanium being so different from copper and zinc, these 
probkems had to be solved anew. Hence we describe how the material 
is poished, how it is cleaned, how it is coated, exposed, developed, dyed 
and etched. Also we mention how negatives for the final printing are 
made. These are more properly called stencils to avoid such oddities 
as punting negatives directly from negatives in case two steps are used 
in th? preparation of the final stencil. The stencil is generally a photo- 
graphic film or plate carrying the proper pattern. 

The photoengraving technique is not limited to etching processes. One 
can evaporate metal over a developed image and then dissolve away the 
coating. This leaves metal only on the areas that were bare because the 
evaporated metal that fell on the coating breaks away when its base is 
dissoved. The metal coat can be plated on electrolytically or deposited 
chemically instead of being evaporated onto the surface. Also one can 
use the photoengraving method to uncover a protective coating according 
to a oattern. This protective coating can be dissolved away where ex- 
posec but will be chosen to withstand certain etchants better than does 
the resist. There are many other possible variations. 
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PREPARATION OF THE SPECIMEN 


Since we wish to make very small patterns, the surfaces must be quite 
flat, otherwise the stencil will not lie everywhere snugly against the surface. 
Wherever there is a gap between stencil and surface, light can creep under 
the stencil. This makes the line positions and widths uncertain. Also 
we need a scratch-free surface because the etchants attack faster on 
scratches, making the surface uneven. 

After a semiconductor crystal is sawed into a plate, one surface of 
the plate is lapped on cast iron with #600 grit Carborundum (Ref. 1) in 
water to remove the saw marks and to secure a flat surface. The crystal 
plate is then cemented, lapped surface down on an adjustable jig, Fig. 1. 





Fic. 1. Adjustable jig used in lapping and polishing of semiconductor plates. 


By using this jig, it is possible to get and maintain parallelism. The jig 
also enables one to lap and polish the plate to a given thickness. The 
exposed surface of the plate is now lapped with #600 grit Carborundum 
(Ref. 1). Pits or grind marks are left on the surface from the 4600 
grit Carborundum (Ref. 1) to a depth of about 25 » or 0.001 in. 

The #600 grit-lapped surface is then lapped with #30314 emery on 
a glass or quartz lap. The laps should be checked frequently for flatness; 
quartz laps remain flat for longer periods of use than do glass laps. Use 
of a quartz or glass lap minimizes metal contamination and reduces 
scratches, Lapping with 4£303% emery is continued until all of the pits 
left by the #600 grit are removed. The pits left by the #:303% are about 
12 » deep and are removed with 4305 emery which leaves pits of about 
§ » and probably leaves a disturbed layer of another 5 », Therefore about 
10 » muat be removed from the surface in the polishing process, 


154 FABRICATION TECHNOLOGY 


Great care should be used to prevent carrying coarser grits on to the 
later finer stages of grinding and polishing. The hands should be care- 
fully washed before picking up the jig, and the jig and crystal should 
be washed carefully before placing on the grinding or polishing machine. 
The polishing lap and all of the polishing equipment should be covered 





Fic. 2 Bowl feed polisher. (American Optical Co.) 


at all times when not in use. One speck of grit can ruin an otherwise 
perfectly polished surface. By exercising great care in cleanliness we 
have been able to polish silicon crystal plates down to 0.0005 in. in thick- 
ness, polishing both sides of the plate. 

The crystal plate is now ready for polishing. The rough polishing is 
done on a rotating plastic lap made of block (Teflon or nylon) using 
Linde A (Ref. 2) levigated alumina, The machine that rotates the lap 
is the American Optical Conpany Bowlfeed Polisher (441M-423A), This 
machine turns the lap, holds the jig so that it may spin, and oscillates 
it in and out from the lap center, It also keeps a steady stream of the 
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polishing fluid pouring onto the lap. The machine has a time switch 
which reduces the amount of attention required (Fig. 2). To keep the 
fine Linde A (Ref. 2) powder in suspension in water, 1% volume of 
bentonite clay is added to the Linde A (Ref. 2) and water added to a 
creamy consistency. The rough polishing takes from 30 min to an hour 
for a 2 cm? surface. 

' Final polishing is done on a rayon-cloth-covered lap, Fig. 3, that has 











Fic. 3 Final polishing with %, diamond abrasive on rayon covered lap. 


been impregnated with 14 » grit size diamond paste. This final polish 
takes but 2 or 3 min. We know that, after the final polish, the crystal sur- 
face may have a disturbed layer of the order of a few microns. This work- 
strained surface layer can be removed from germanium with a 5 sec etch 
in Super X 1114 etchant (see etching, below) and still maintain a flat 
surface. 

Cleanliness is a very important factor in the final lapping and even 
more so in the final polishing. One particle of the #305 emery, whose 
particle size is about 5 », will mean a scratch of that magnitude on the sur- 
face plus another few microns of disturbed material under the scratch 
which would only show up after etching. That is the reason we stress 
the point of cleanliness. Finally the crystal plate is washed in trichlor- 
ethylene, rinsed in deionized (or distilled) water, and dried on lint-free 
paper or blown dry with filtered air, 
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APPLICATION AND PROCESSING OF THE PHOTO RESIST 


A small amount of Eastman’s Photo Resist (KPR) solution is filtered 
through filter paper into a clean glass container. The plates are placed 
in a vacuum holder and are coated using a small sable brush (Fig. 4). If 
too much solution is put on, it will have a tendency to form a bead at 
the edges. Therefore, care must be exercised to coat the plate with only 




















Fic. 4 Vacuum holder used for holding small plates while photo resist is being 
applied, and also while plates are being dyed and washed after develop- 
ment. (a) Release valve; (b) holder for six plates; and (c) single 
holder. 


a thin uniform coating. Plates are then air dried at room temperature for 
about 10 min or held gbout 8 in. from a 250-watt infrared heat lamp for 3 
to 5 min. 

Photo Resist is extremely sensitive to ultraviolet radiation, but rather 
insensitive to tungsten illumination; therefore, care must be taken not to 
expose resist-coated plates to daylight since even a few seconds’ exposure 
to white light will fog the resist. The stencil is placed on the glass part 
of a vacuum contact frame (Fig. 5) with the emulsion side up. The 
crystal plate is placed coated side down making intimate contact with the 
negative. The vacuum frame is then closed and the plates are exposed to 
a 20-amp double-are lamp for 8 min (average time) about 30 in, from the 
lamp. 

After exposure the crystal plates are removed from the vacuum frame 
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and placed in a developing solution (purchasable from the supplier of 
KPR) at room temperature, using intermittent agitation. The resist 
is not touched with anything solid, as it is soft during development. A 
few minutes’ development is sufficient, but the image will not be over- 
developed by remaining hours in the developer. 

Since the resist is transparent, visual inspection of the image is impossi- 


























Fic. 5 Six crystal plates %-in. sq being prepared for exposure. When rubber 
diaphragm is put in place over negative and plates, the frame is evacu- 
ated, pulling the crystal plates firmly against the negative. 


ble unless the resist is dyed some dark color. A few drops of black dye 
(obtainable from the supplier of KPR) are put on the surface of the 
crystal with a medicine dropper immediately after development and 
while the crystal is still wet and allowed to remain on for one minute. 
While the dye is still wet, the plate is held under a running stream of 
distilled or deionized water at 65-75°F for one minute. In this wash the 
part of the resist that was not exposed to light is dissolved. The remaining 
photo resist image is still soft at this stage and should be carefully 
handled. It is dried by placing coated side down on clean absorbent 
filter paper or lint-free blotting paper. This step is intended to remove 
only the visible moisture, 

Inspection under a microscope shows whether the image is likely to 
produce a satisfactory engraving, If there are a few specks of dust they 
may be removed by gentle rubbing with a bit of cotton on the end of a 
toothpick, the cotton being dipped in distilled water, 
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The plate is then baked in an oven at 150°C for about 10 min to harden 
the resist. After curing the resist, the plates are ready for etching, plating, 
chemical depositing, or vapor coating of metals. 


ETCHING 


Using an electrolytic etch we were able to preserve the resist, but did 
not get uniform removal of the crystal surface. The etching action seemed 
to work more rapidly around the edges of the bare areas and less rapidly 
in the center of such areas. Also, the many other variables such as cur- 
rent density, temperature, resistivity of crystal, etc., made the electrolytic 
process look unattractive. 

However, a very constant etching rate and uniform cut were obtained 
on germanium using the formulas listed below, at room temperature. 


Suppr X-1114 ror GerManium. Components: 1 part by volume 
Nitric (HNOs3); 1 part by volume Superoxol 30 per cent (H2Oz2); 1 part 
by volume Hydrofluoric 48 per cent (HF); 4 parts by volume distilled 
water. 


Ercu Formuta For Sizicon. Silver-Glycol etch is made up in two 
separate polyethylene plastic containers designated A and B. 


400 cc HNO; NNitric Acid 
| 10 cc HF Hydrofluoric Acid 
10 ce AgNO3_ Silver Nitrate Solution (1 gm AgNO dissolved in 
100 cc of H,O) 


ee cc H,O Distilled Water 
200 cc Propylene Glycol 


1) Mix 1 part A to 1 part B just before etching, using a polyethylene or 
platinum container. 

2) Place container into a pan of cool tap water to bring the temper- 
ature of etch to room temperature 24°C. This takes about 5 min. 

3) Place crystal to be etched in container and periodically brush over 
surface gently with a sable or camel’s hair brush to remove any bubbles 
that may form on the surface. The brushes to be used are Chinese sable 
mounted in bamboo. Brushes mounted in metal should not be used since 
the etchant will attack the metal and may also contaminate the surface. 

Precautionary measures must be taken in the storage of the acids. HF, 
HNOs, and AgNOs can safely be mixed and stored together in a poly- 
ethylene bottle, but never mix the propylene glycol into the same con- 
tainer that contains the acids for storage. A mixture of the propylene 
glycol and acids causes a chemical reaction that liberates gases, causing 
pressure to build up to the extent of exploding, if the bottle has a screw- 
type stopper. Mixing and storage instructions, therefore, should be very 
carefully followed. 

The etching rate of the silver-glycol etch for silicon is shown in Fig. 6, 
There was no noticeable change in the rate after storage of the mixture in 
polyethylene bottles for periods of two montha, 
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Fic. 6 Etching rate of silicon for silver glycol etch. 





Kia, 7 Geometric patterns used for making negative stencils, These drawings, 
in moat cases, were reduced 40 and 80 to one, most lines were reduced 
to 0,001 in, or lows, 
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We have worked with germanium of various resistivities and several 
orientations in our etch tests. A very constant etching rate and uniform 
cut were obtained using the Super X-1114 formula in all cases. The differ- 
ence in the rates between the (110), (111) and (100) surfaces was so 
slight that it is negligible. Twenty-five microns (0.001 in.) were removed 
in 3 min and 20 sec or 2.5 microns (149 mil) in 20 sec, etching a surface 
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Fic. 8 Stencil for printing pattern on six semiconductors simultaneously. 


¥% in. square. There was no noticeable difference in enlarging or de- 
creasing the area by a factor of two. 

Nitric acid and the Superoxol act as oxidizing agents, with hydro- 
fluoric acid as the oxide solvent. The water controls the etch rate and 
also acts as a coolant, preventing too violent etching action by controlling 
the temperature. 


REMOVING THE RESIST 


To remove the resist, the plates are immersed in Cellosolve (Ref. 3) 
acetate for about 10 min, and then the face of the plate is sawabbed 
gently with a bit of cotton on a toothpick, This solvent penetrates the 
resist even through a thin film of evaporated or chemically deposited 
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metal. This allows us to remove the metal with the resist without 
disturbing the metal which fell on bare substrate. 


STENCIL PREPARATION 


A drawing of the desired pattern is made in black and white and is 
reduced photographically to make the stencil. For lines finer than a few 





Fic. 9 Pattern compared with head of a pin. 


mils, Reprolith film is used. A process lens should be capable of giving 
lines about %4 mil wide. For lines down to about a micron, one can use 
microscope objectives in reverse. 


RESULTS 


Fig. 7 shows some geometric patterns that have been drawn in black 
and white, greatly reduced photographically and reproduced on ger- 
manium surfaces and then covered with evaporated metal, chemical 
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deposit, and surface diffused layers. While this work is still in the experi- 
mental stage, it has proved itself to be a feasible method of reproduction 
and appears readily adaptable for production on a large scale. Fig. 8 
shows a drawing of a photographic stencil or “negative” for reproducing 
a design onto a half dozen germanium wafers simultaneously. Fig. 9 
shows a photograph of a miniaturized pattern in comparison with the 
head of a pin. 

It should be noted that this procedure is presently used only in Bell 
Telephone Laboratories developmental work. 
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Chapter 6 


OHMIC CONTACTS TO SILICON 
AND GERMANIUM 


An ohmic contact to a semiconductor device has been described as a 
contact which delivers current to the device without entering into an 
active process. A number of techniques for making such contacts are 
reviewed; these employ alloys, preforms, evaporated films, powdered- 
conductor suspensions, liquid metals, electroplates, displacement plates, 
and electroless plates. The resulting contacts are appraised primarily in 
terms of their mechanical strength and their electrical resistance. 


Electrical contacts are essential parts of any usable semiconductor 
device. Contacts may be conveniently divided into two classes, rectifying 
and non-rectifying. The purpose of this chapter is to bring together a 
number of the methods that have been used to make non-rectifying or 
ohmic contacts to either germanium or silicon so that the design engineer 
may make a reasonable choice of the available techniques.* 

Many commonly used ohmic contacts rectify slightly; the amount of 
rectification that can be tolerated depends upon the specific situation. 
For example, if the contact can be placed several diffusion lengths from 
a reverse-biased junction, then most of the minority carriers which may 
be injected will recombine before they can be collected. Another means 
which has been widely used to achieve the same end is the placement 
of a region of high recombination rate between the metallic contact and 
the semiconductor body. This can be accomplished by sandblasting the 
semiconductor surface before applying the contact. It should be under- 
stood that under certain conditions, for example, where low contact 
resistance is desired, even a small amount of rectification may be unde- 
sirable, 

In the case of alloyed or bonded contacts to germanium it is possible 
to approach a linear current-voltage characteristic more closely and to 


* A definition and general discussion of ohmic contacts is given in Tranaintor Tech= 
note Vol, I, D, Van Nostrand Company, Inc, Princeton, N, J,, 1067, Chapters 14 
and 16, 
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achieve lower resistance by doping the bonding metal appropriately. For 
example, with n-type germanium a donor may be used for doping. 

Device requirements also frequently demand that an ohmic contact 
provide major mechanical support and a good thermal path. Therefore, 
a feature common to many devices is a support structure which makes 
a relatively large-area ohmic contact to the semiconductor through a 
metallic layer which is alloyed or bonded to both. 

For convenience the discussion of ohmic contacts is organized accord- 
ing to the techniques involved in making them. Two or more of these 
techniques may be combined to produce a given structure, but the com- 
bination is straighforward once the individual procedures have been 
mastered. For example, plating, evaporation, or the preform method can 
be used for applying a metallic film either to the semiconductor, to the 
support, or to both in preparation for alloying. 


1 ALLOYING 


Let us consider the problem of attaching a semiconductor block or 
wafer to a relatively massive support structure by means of an inter- 
mediate layer (of gold, silver, lead, etc.) which is to be alloyed or bonded 
to both. For commonly used materials bonding will involve heating the 
assembly to at least 400°C. Hence, it is necessary to match the coefficients 
of thermal expansion of the support and the germanium or silicon. The 
bonding metal’s expansion coefficient is not as critical since it is usually 
present in a thin layer which cannot stress the semiconductor unduly. If 
the bonding metal is soft (lead, for example), even a thick layer and a 
large expansion mismatch are permissible because the soft metal will 
yield, relieving stresses. In those cases where it is necessary to match 
expansion coefficients, one is limited, practically, to a choice of tungsten, 
molybdenum, tantalum, or Kovar for the support material. 

The thermal conductivities of the materials just named decrease in 
the order given, the range being about one decade. Thus the choice is 
even further limited where thermal dissipation is a problem. When 
thermal conductivity is not an important factor, Kovar finds considerable 
favor because it is quite wettable, and hence is easy to work with in 
bonding. 

As the first step in alloying, the intermediate metal must be put in place 
by one of the methods outlined below. It is desirable that this material 
should be confined to the surfaces which actually are to be joined in 
alloying. Otherwise, remote portions of the support structure may act 
as reservoirs of bonding metal, contributing an uncertain amount to the 
liquid system during bonding. If, instead, one chooses to deposit the 
bonding metal on the semiconductor surface, then selective deposition 
is necessary for the same reasons. An additional and more important 


reason in this case is the need for keeping the bonding metal away from . 


junctions and electrodes, 
Next, the semiconductor and support are assembled for alloying. To 
assure proper placement of parts, one may use a graphite jig, A high- 
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purity graphite should be used here to avoid contamination during alloy- 
ing. Also, the graphite should have a high density so that it can be 
machined to close tolerances. 

It is usually desirable to fit the jig with springs, weights, or clamps 
which force the semiconductor and the support together tightly. This 
helps achieve initial wetting and permits alloying to commence. To the 
same end it has been found helpful to design the support so that the 
pre-alloying contact has a small area (e.g., approximately a line contact). 
Then with moderate force one obtains enough contact pressure to give 
wetting. 

The loaded jig is then carried through an alloying cycle in an oven 
atmosphere of bottled hydrogen or forming gas. Typically, one might 
carry the assembly 100°C above the semiconductor and bonding metal 
eutectic temperature, or above the bonding metal’s melting point if no 
eutectic exists. Duration of the cycle is not critical, but temperature 
measurement and control are simpler if the process is slow enough to be 
approximately one of equilibrium. 

For numerous alloying processes involving either germanium or silicon, 
the techniques just described are quite adequate to insure good, uniform 
wetting of the semiconductor surface. However, in some cases the use 
of a flux or alloying agent is desirable. Most of the conventional fluxes 
that are active enough to promote good wetting also leave corrosive 
residues. However, certain metal hydrides can be successfully employed 
as fluxes or alloying agents without involving corrosive residues. With 
such hydrides, one product of their decomposition is hydrogen and the 
remainder is a metal which then forms part of the bonding alloy. Through 
the use of one of the metal hydrides as a flux or bonding agent, contacts 
with good mechanical and electrical properties have been obtained with 
lead or tin-lead solder as the bonding alloy (Ref. 1). 

Briefly, the hydride process consists of coating the silicon with a thin 
film of the hydride and bringing this coated silicon surface into contact 
with the solder at an elevated temperature in an inert atmosphere. For 
convenience of application, the powdered hydride may be suspended in 
an organic binder such as a solution of cellulose nitrate in amyl acetate. 
The time in the furnace is of the order of one to ten minutes; the atmos- 
phere is nitrogen or hydrogen; and the temperature of the furnace may be 
600 to 900°C, depending on which hydride is employed. 

In the case of titanium hydride temperatures as low as 600°C have been 
employed, whereas temperatures up to 900°C are required for zirconium 
hydride. 


2 PREFORM 


This technique derives its name from the use of a small amount of 
bonding metal which has been preformed so that it approximates the 
regions which are to be joined, 

A small toroid or washer is frequently used as a preform to achieve 
an alloyed ring contact between a transistor base and the support struc 
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ture. Such toroids can be fabricated readily in reasonable quantities 
by winding wire in a tight helix around a mandrel of appropriate 
diameter and then slitting the helix down one side with a razor blade. A 
set of drills serves as a convenient graduated set of mandrels. Alterna- 
tively, a washer can be punched from sheet metal. It is also possible to 
flatten the aforementioned toroids to resemble washers. 

If an oxide-free metal such as gold is to be used for bonding in con- 
junction with a readily wettable support metal such as Kovar, it is 
usually sufficient to assemble support, preform, and semiconductor into 
a jig and then to carry the jig through an alloying cycle in an atmosphere 
of bottled hydrogen or forming gas. On the other hand, if one is using 
a bonding metal which does not readily wet the support because of the 
latter’s tenacious oxide coat (e.g., gold on molybdenum), then it is 
necessary to carry out a preliminary step of wetting the support with 
the bonding metal. This involves assembling the support and preform 
and taking the assembly above the preform’s melting point so that it 
will flow; the heating must be done in a highly reducing atmosphere to 
obtain wetting. For this purpose, purified hydrogen has been found 
significantly more effective than bottled hydrogen or forming gas. 

The heating may be done either in an oven or on an open heating 
element. The latter method is more readily arranged for monitoring 
the flow process by eye. 

If very slight penetration into the semiconductor is desirable, one must 
either choose a bonding metal in which the semiconductor has a low 
solubility or one must arrange to have a very small quantity of the 
bonding material present. The latter is not always practical with pre- 
forms, and in this case methods like evaporation or electroplating are 
more appropriate for applying the bonding metal. 


3 EVAPORATED FILMS 


There are a number of excellent general references on the subject of 
vapor coating (Ref. 2, 3). As a means of making ohmic contacts this 
technique offers several significant advantages: 

1) Cleanliness 

2) Reproducibility 

3) Possibility of depositing two metals simultaneously or sequentially 
with a given set-up 

4) Possibility of alloying or sintering the evaporated deposit in vacuo, 
thus preventing if desired the oxidation and contamination often en- 
countered in the transition from deposition to heat treatment. 

5) Possibility of forming a deposit which is accurately controlled in 
three dimensions; lateral dimensions can be fixed by means of appropriate 
masks, while thickness can be controlled by evaporating a fixed amount 


of metal to extinction or by the use of shutters, (Selective deposition can 


be important for the reasons given in Par, 1.) 
6) Possibility of forming deposits of very small dimensions, For 
example, it is possible to form electrodes so thin that they may be alloyed 
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into but not through a diffused layer only 1 micron thick. Also the small 
lateral dimensions required in high-frequency transistor electrodes can 
be formed readily by evaporation. 

The temperature at which the substrate should be held during evapora- 
tion depends upon one’s choice of both substrate and charge. For example, 
it has been found that a uniform and adhering film of gold may be 
deposited on molybdenum if the latter is held at about 850°C. Temper- 
atures higher or lower than this are unsatisfactory. If lead is being 
evaporated on molybdenum, the latter may be kept at room temperature 
with good results, or more precisely, the molybdenum does not require 
heating other than the radiant heating supplied by the evaporation 
filament. On the other hand, aluminum may be evaporated on silicon 
with the substrate either hot or cold (Ref. 4). 


4 SUSPENSION OF POWDERED CONDUCTORS 


With irregular surfaces it is conceivable that a solid metal contact 
may touch the underlying surface at only a small number of points. By 
using two such contacts each with one half the area, twice as many points 
of contact may be achieved, and by using a powdered conductor for the 
contact many more points of contact may be realized. For convenience 
of application and for mechanical stability a binder is often used with 
such powdered conductors. In most cases the binder serves a purely 
mechanical part; however, it is possible to use certain of the glasses as 
binders in such a way that the contacts can be doped with the appropriate 
impurities during the baking cycle. 

The simplest and best known of the powdered conductors is graphite. 
A suspension of colloidal graphite in water is available commercially. 
The main virtue of this contacting material is the ease with which it 
may be applied and the remarkably wide variety of materials on which 
it can be used. Its main disadvantage is its mechanical instability. It 
has no strength itself and requires support and careful protection to 
prevent its destruetion during normal usage. For these reasons its use 
is usually limited to the laboratory. 

Another popular type of suspension contact is that of a metal, such 
as silver, suspended in a binder. A number of such suspensions are on 
the market. There are two general types; in one type the binder is an 
organic resin and in the other the binder is a glass. In the first type 
the organic resin is usually dissolved in an appropriate solvent and the 
only treatment required is the removal of the solvent either at room 
temperature or slightly above. The metal powder is then held in place 
by the organic resin. In the second type, glass is the permanent binder. 
For ease of application the glass is present initially in a powdered form 
and an organic resin is used as a temporary binder to hold both the glass 
and metal powder in place, After applying the paste and driving off the 
solvent, the temperature is raised and the organic resin is removed, usu- 
ally in an oxidising atmosphere, The final firing temperature is high 
onough to fuse the glass which then acts as the permanent binder, The 
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firing temperature is usually 500 to 800°C, which is sufficient to fuse the 
glass but not high enough to melt the silver. 

A very useful extension of this technique has been developed by C. 8S. 
Fuller, J. A. Ditzenberger and A. W. Treptow (Ref. 5). They have found 
that by properly choosing the composition of the glass phase it is possible 
to diffuse sufficient donor or acceptor material into silicon to produce 
either low resistance ohmic or rectifying contacts. A typical acceptor 
glass would be a borosilicate glass with a composition as follows (Ref. 6): 


B.O3.......... 30 parts by weight 
Al,O3.......... 10 parts by weight 
SiOeg........... 50 parts by weight 
BaOs ocecsaacs 10 parts by weight 


A typical donor glass would be a phosphate glass with a composition as 
follows (Ref. 7): 


PaO basin aes 34.9 parts by weight 


Na,O........ 25.4 parts by weight 
AlO3........ 25.0 parts by weight 
Si02......... 14.7 parts by weight 


In specific compositions with the powdered conductors these glasses would 
constitute 5 to 10 per cent by weight of the total mixture. Several of the 
noble metals have been used in combination with these glasses, but 
silver is the most satisfactory metal for low resistance ohmic contacts. 
The usual firing temperature is raised somewhat to allow the donor or 
acceptor impurities to diffuse into the silicon. 

Contact to an external wire conductor may be made by embedding a 
wire such as tungsten in the contact before firing. However, a more 
convenient method is to solder onto the contact after curing. In many 
cases this can be done directly. In other cases it may be necessary to 
etch away a small amount of the glass so as to expose more of the silver 
particles. It may also be desirable to electroplate the surface with copper 
before tinning. This prevents the solder from dissolving the silver during 
long soldering operations. 

Both the air-dried and the fired contacts are very useful for laboratory 
and exploratory work because of the ease of their application to a wide 
variety of metallic and non-metallic surfaces. The air-drying type of 
silver paste is used in applications where the use of heat is undesirable. 
The fired type, on the other hand, produces a better contact mechanically 
and electrically and is generally used if the device can stand the firing 
conditions. The reliability of these contacts over long periods of time is 
sufficiently good to allow their use in a number of industrial applications. 

_ Most of the industrial applications are on non-metallic surfaces such as 
piezoelectric crystals where direct soldering techniques cannot be used. 
Once the paste contact is applied and cured, leads may then be attached 
by soldering. In the case of silicon and germanium, the use of these 
conducting pastes will probably be limited to laboratory work because 
of the availability of other methods of making more permanent contacts, 
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5 LIQUID METAL CONTACTS 


The difficulties encountered in trying to obtain intimate contact between 
two solid metal surfaces were pointed out above (Par. 4). The use of 
a liquid metal as one of the two surfaces provides one easy method of 
obtaining approximate matching surfaces. Such a contact may be made 
even more intimate by the use of mechanical rubbing or scraping while 
the two solid surfaces are in contact with each other. For many applica- 
tions the use of such a liquid contact without further treatment would 
not be particularly convenient and, therefore, an additional operation is 
often performed to convert the liquid to a solid after the contact is made. 
The simplest method of accomplishing this is by lowering the temperature. 
A number of alloys of mercury, indium, and gallium have very low melt- 
ing eutectics and may be applied as liquids at temperatures not too far 
above rooom temperature and then solidified at room temperature. In- 
dium-mercury alloys (In 85-95 per cent, Hg 15-5 per cent by weight) 
have been used in this way (Ref. 8). An alternate method of obtaining 
the transition from liquid to solid is to remove selectively one of the 
components of the alloy. This may be done in the case of indium-mercury 
alloys by distilling off some of the mercury or by extracting some of the 
mercury with a piece of pure indium placed in contact with the alloy. 

Contacts such as these will be most useful for laboratory and ex- 
ploratory work rather than production or manufacturing. Many of the 
compositions are solid only in appearance, ie., they are supercooled 
liquids and may have undesirable flow properties over long periods of 
time. Another shortcoming of these contacts is the inability to control 
the area wetted when very small areas or very peculiarly shaped contacts 
are involved. 


6 ELECTROPLATES 


Electroplating is a common method of obtaining a protective or decora- 
tive deposit of one metal on another. In the case of semiconductors, 
metal plating has been used quite extensively to obtain electrical contact 
to the semiconductor surface. The earliest and perhaps the widest semi- 
conductor usage is in the making of ohmic contacts although it should 
be pointed out that more recently good rectifying junctions have been 
made using plated contacts on semiconductors (Ref. 9). Since semi- 
conductors have a higher resistivity than metals some modification of 
the usual plating techniques may be necessary to assure uniform plating. 
However, it is not necessary to resort to the extreme methods employed 
in the plating of non-conductors. 

Although the field of electroplating is a very specialized one, there 
are many standard reference books on the subject (e.g., Ref. 10, 12). No 
attempt will be made, therefore, to explain in this text the principles of 
electroplating nor to describe plating techniques in detail, Instead, 
comments will be confined to the applicability of certain platings as ohmic 
contacts on germanium or silicon, 
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Thirty-one of the elements have been electroplated in a pure solid 
state from aqueous solutions (Ref. 10). About twenty of these can be con- 
sidered to be useful for metal contacts to germanium. D. R. Turner and 
H. E. Haring (Ref. 11) have plated sixteen of these metals on n- and 
p-type germanium with success. The plating solutions used were of 
standard composition (see Ref. 12). A summary of their results is given 
in Table 1. 


7 
TABLE 1 PLATED METAL CONTACTS ON GERMANIUM * 
/ 


Metal Plating Contact. to Contact to 
Plated ‘Solution n Type p Type 
Antimony Fluoborate Ohmic ReetiTying 

Bismuth Perchlorate Rectifyi mic 

Cadmium Cyanide a “i 
Chromium Chromate 9 n 
Cobalt Sulfate ‘ 
“Rapper Cyanide % “ 

0 Cyanide 6 pse os 
Indium Sulfate a f 
Lead Fluoborate : a 
Nickel Sulfate * 
Platinum Phosphate fé i 
Rhodium Sulfate Fs it 
Silver Cyanide a a 
Tellurium Fluoride ee os 
Tin Fluoborate ps 
Zine Cyanide se “s 


* Data from Turner and Haring (Ref. 10). 


All of the metals tested except antimony gave an ohmic contact on 
p-type germanium and rectifying contact on n type. With antimony 
the reverse was observed, i.e., the contact was ohmic on n type and 
rectifying on p type. The purity of the bath is very important, especially 
in the plating of rectifying contacts. For example, a small amount of 
antimony in any of the other baths will result in ohmic contacts instead 
of rectifying contacts on n-type germanium. Thus, the same basic bath 
can be used for ohmic contacts to p-type germanium when the bath is 
pure and to n type when a small amount of antimony is present. For good 
adhesion and an intimate contact between the plated’ metal and the 
germanium, it is necessary that any oxide layer on the germanium be 
reduced prior to metal deposition. This result is obtained when cadmium, 
copper, or zinc is plated from cyanide solutions and indium, cobalt, or 
nickel is plated from sulfate baths. 

E. H. Borneman, R. F. Schwarz, and J. J. Stickler (Ref. 13) have 
plated germanium with 14 of these same metals plus tungsten and arsenic, 
They found that ohmic contacts were always produced on p-type ger- 
manium and rectifying contacts on n-type germanium, 

It is much more diffeult to obtain a good adherent electroplate on 
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silicon than on germanium. This difficulty is probably the result of 
the oxide film which forms on the silicon surface so very readily and which 
is not easily reduced cathodically. The order of one per cent hydrofluoric 
acid in some acid electroplating baths aids in removing the oxide and 
may lead to a more adherent coating. Several of the plated metals, how- 
ever, may be sintered or alloyed into the silicon to give very adherent 
plates with good mechanical and electrical properties. 

Nickel is one of the most adherent of the plated contacts to silicon. 
The nickel ammonium sulfate plating bath may be used as described 
on page 315 of Ref. 14. For satisfactory adherence the silicon surface 
should be roughened and cleaned prior to plating. A mechanical lap 
with 600-mesh silicon carbide provides a sufficiently rough surface. A 
very mild etch is then given as the final cleaning before plating. There 
are at least three slow, controllable hydrofluoric acid-nitric acid etches 
that. have been used on silicon for this purpose. The first method (used 
in Ref. 14) consists of swabbing the surface with a mixture of 10 per 
cent concentrated nitric acid and 90 per cent of 48 per cent hydrofluoric 
acid applied with a platinum loop. A second method is to place the 
silicon in concentrated nitric acid and to add the hydrofluoric acid drop- 
wise until a reaction just begins. In both of these methods the object is 
to keep the rate of reaction very low. A third method that has been em- 
ployed to remove small, controlled amounts of silicon and provide an 
excellent base for the nickel plating is to dip the silicon alternately in 
hot nitric acid (forming a silicon oxide film) and then in 48 per cent 
hydrofluoric acid (removing the oxide film). After rinsing, it is placed 
immediately in the nickel plating bath, the composition of which (in 
grams/liter) is as follows: 


Nickel ammonium sulfate......... 105 
Ammonium chloride.............. 15 
BOTMC 801d 5.0 ye. i cscs «ord We dante 15 


The current density reported for this bath is about 10 ma/em?. At this 
current density a good plate is obtained in about 5 min. A current density 
as high as 100 ma/cm? has been successfully employed. At such current 
densities a satisfactory plate is formed in about 20 to 30 sec. 

The mechanical and electrical properties of this contact may be con- 
siderably improved by giving the nickel plate a sintering treatment. A 
typical heat treatment is 800°C for one-half minute. For ease of solder- 
ing, a second layer of nickel is deposited after the heat treatment. The 
resulting contact is quite strong mechanically and has negligible contact 
resistance on low resistivity silicon. 

For certain applications it may be undesirable to heat treat the plated 
silicon, This limitation may be necessary for either of two reasons. First, 
the elevated temperature may have undesirable effects on the lifetime or 
resistivity of the silicon, Or second, the alloying that takes place may 
penetrate beyond the very thin surface layer to which a contact is desired, 
In either of these two cases the nickel plate may be used without heat 
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treatment, and it may be covered with a copper plate to obtain a lower 
spreading resistance and improve the solderability. 

Gold may be electroplated onto silicon from a cyanide plating bath. It 
is not highly adherent as plated, and therefore it is advisable to roughen 
the silicon surface before plating. It may easily be converted into a 
mechanically strong, low resistance contact by alloying with the silicon. 
The silicon-gold eutectic forms at a rather low temperature (370°C) ; 
however, very high temperatures (about 900°C) are often used for the 
alloying to avoid blistering. A thin plate of gold (about 10 msi) can be 
alloyed without causing undue mechanical stress, whereas a much thicker 
plate may result in cracking because of differential expansion. The use 
of antimony or other appropriate Group V doping agents in the gold 
results in an improved ohmic contact on n-type silicon. Ordinary tin-lead 
solder may be used to attach leads or make other metallic connections to 
the alloyed gold plate. 

Rhodium plating has been used on silicon for making ohmic contacts. 
Here also the limited adherence forces one to roughen the silicon before 
plating in order to get a useful contact. There are two principal baths 
employed for rhodium plating—a sulfate bath and a phosphate bath. 
The preparation of the bath from raw materials is rather difficult (Ref. 
15); however, there are suppliers of proprietary concentrates from which 
baths are very easily prepared. Either the sulfate or the phosphate bath 
produces a useful rhodium plate on silicon. For ease of soldering it is 
advisable to copper-plate over the rhodium. The rhodium contact is 
inferior to either the alloyed nickel or the alloyed gold contact in both 
mechanical strength and electrical resistance. 

A few other metals such as lead from a fluoborate bath and silver from 
a cyanide bath have been plated on silicon for special purposes; however, 
no one has published a description of these contacts. A comprehensive 
study of the properties of all the -platable metals on silicon would be 
very valuable. 


7 DISPLACEMENT PLATING 


If a piece of iron is dipped in an aqueous solution containing copper 
ions, a coating of metallic copper immediately appears on the surface of 
the iron. This is called displacement plating. The electrons necessary to 
convert copper ion to copper metal are supplied by the metallic iron 
which in turn goes into solution as ions. This process depends on the 
interchange of electrons between the copper ions and metallic iron; con- 
sequently, the process stops as soon as the iron is covered with copper 
because no more iron can then reach the aqueous phase. As a result 
the plate is very thin and its utility quite limited. 

Copper may also be deposited by this means on germanium or silicon, 
A saturated solution of copper sulfate to which about five to ten per cent 
of hydrofluoric acid has been added produces copper contacts on sand- 
blasted or lapped surfaces, Such contacts are very thin and have an 
appreciable contact resistance, They may be of some utility, however, 
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in certain applications where temporary contacts are desired. Additional 
copper may be applied electrochemically in the same bath, thus producing 
a thicker, more adherent and useful contact. 

Gold has also been deposited on silicon surfaces by displacement plat- 
ing from an alkaline solution of potassium gold cyanide (Ref. 16). Be- 
cause the gold as deposited is quite porous, a much heavier plate is 
obtained than is usual with displacement plating. An adherent, non- 
porous, solderable plate is obtainable by sintering as indicated in Par. 6. 


8 ELECTROLESS PLATING 


A method of electroless plating was developed by A. Brenner and Grace 
E. J. Riddell about 1946. (Ref. 17 contains a bibliography of 49 other 
references on this subject.) The method involves the catalytic reduction 
of nickel (or cobalt) ion by hypophosphite. In electroplating, the elec- 
trons necessary to reduce the nickel ion to metallic nickel come from 
the plating current. In electroless plating an electron interchange takes 
place between two chemical species. In this method as developed by 
Brenner, hypophosphite ion gives up electrons and becomes phosphite ion, 
and the nickel ion receives the electrons and deposits as metallic nickel. 
This new method of plating nickel has not replaced electroplating 
generally. It has, however, found many individual applications where 
it is superior to electroplating. 

Two of the advantages that the electroless process offers are: uniformity 
of plating over all surfaces that are reached by the solution, and the 
elimination of electrical accessories like power-supplies, lead wires, 
electrodes, contacts to small parts, ete. 

This method of plating has been shown to be particularly well suited 
for plating certain semiconductor surfaces for the purpose of obtaining 
electrical contact thereto (Ref. 18). In this case there are two rather 
specific advantages. First, electroplating is often non-uniform because of 
the variable resistivity of semiconductor specimens and also because of 
the presence of rectifying junctions in the devices to be plated; and 
second, the vigorous evolution of hydrogen which accompanies the 
electroless process seems to clean the surface being plated. 

The electroless plating technique has been extended to the deposition 
of several other metals, but nickel seems to be the most successful. A 
typical bath for use on germanium or silicon may be made as follows: 


grams/liter 
DUOMO UOILLOPICUM (NAL GRETA) ache, 1219.» Suis’ aiy oreiaiitdivrovetnjaidierelee.oese alee tes 30 
Sodium hypophosphite (NaH,PO2:H20)................c cc eee ee ees 10 
Ammonium citrate [((NH4)2HCopHs07].......... 0.00000 eee hte 65 
ee TORTCA GOMERACOL (roe ho), \. aip esse tlasones vcald worate-oyQsh 's visiala'ndvouave oe 50 


Wilter 


Add ammonium hydroxide (NH4OH) until the 
solution turns from green to blue, 
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This bath is to be used in the range of 90 to 100°C with the addition 
of more ammonium hydroxide as necessary to maintain the blue color. 
The stock plating solution will keep indefinitely at room or elevated 
temperatures, although it is wise to prevent the introduction of foreign 
particles which might catalyze the decomposition and deplete the bath. 
At about 95°C the plating rate will vary from 200 to 10 msi/hr, depending 
primarily on the age of the bath. Plates satisfactory for soldering are 
obtained in one to two minutes. 

As deposited, the nickel contains an appreciable percentage of phos- 
phorus. Therefore, any heat treatment that may be given the semicon- 
ductor subsequent to the plating must be made with the understanding 
that the phosphorus may diffuse into the semiconductor. 

This plate is particularly useful on silicon because it enables one to 
make simple soft solder connections at temperatures under 200°C. The 
adherence of these contacts on either lapped or polished surfaces is good. 
Very low contact resistances have been observed using this contact. 
Some improvement in properties may be realized by alloying the nickel 
into the silicon at temperatures of 800 to 900°C. A second nickel plate 
may then be necsssary to insure solderability. 
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Chapter 7 
ALLOYING 


The first section of this chapter was written specifically for this volume 
to review in one paper the aspects of the alloying technique of junction 
formation for the device engineer. In short, it sees the alloying technique, 
and its many aspects, through the eyes of the device designer interested 
in control of junction planarity and spacing and with device reliability. 
It is not designed as an intensive treatment of the fundamentals many of 
which are covered in Chapters 1, 2 and 3 of this volume. 

The second section consists of the pattern-setting paper of Pearson and 
Sawyer which gives specific information on the now widely employed 
aluminum-silicon alloy diode having extremely low reverse currents, large 
rectification ratios and high breakdown characteristics. An addendum 
to this chapter brings the reader reasonably to date in this area of 
activity. 

Chapter 7 concludes with a presentation of methods for evaporating 
metals onto and alloying into silicon for the purpose of applying contacts 
to diffused layers or to be used to produce junctions in the presence of 
thin diffused layers. 


7A. GERMANIUM ALLOY JUNCTION TRANSISTORS 


N. P. BURCHAM, L. E. MILLER, T. R. ROBILLARD, 
N. C. VANDERWAL, AND R.W. WESTBERG 


This section describes the materials and processes used in making ger- 
manium alloy transistors. Included is a review of practical problems 
encountered, an outline of the pertinent mechanisms, workable solutions 
to these problems, and finally, a comparison of the results with the pre- 
dictions of design theory. 


INTRODUCTION \ 


Often the assumptions involved in the development of a design theory 
for an electronic device are necessarily simplified. Many fabrication 
process variables are not amenable to theoretical analysis, Hence, actual 
experience in device fabrication must complement theory, This article 
will summarize significant experience derived from design and produc- 
tion of alloy junction transistors, 
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The general features of both n-p-n and p-n-p alloy transistor fabrica- 
tion processes are illustrated in Fig. 1. The processes for the production 
of germanium single crystals suitable for alloy transistors have been de- 
scribed elsewhere.* These crystals, after measurement to insure proper 
conductivity type, resistivity, minority carrier lifetime and dislocation 
etch-pit density, are shaped into thin, flat wafers. Alloying, the critical 
step in transistor fabrication, requires that doping materials of controlled 
composition and uniform mass and shape wet correctly positioned, de- 
fined areas of the wafer. The alloying temperature-time cycle must be 
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Fic. 1 Germanium alloy transistor process. 


accurately reproduced to bring about consistent melting depth in the 
wafer and adequate regrowth of doped germanium. Good electrical and 


thermal connection must be made between the basic transistor element, — 


illustrated in Fig. 2, and the terminals of the device, avoiding mechanical 
stress in the germanium. Chemical processes for the removal of shorting 
layers and contaminants on the transistor element and the production 
of stable states on the active germanium surfaces are required for op- 
timizing electrical characteristics and realizing maximum reliability. A 
vacuum-tight encapsulation is equally necessary for high reliability. 
The body of this article examines several particular devices as illustra- 
tions for the discussion of alloy transistor fabrication in detail. Specific 
applications usually place design emphasis on one or more features, such 
as ruggedness, high-power dissipation, speed, or low cost, and thereby 
create a demand for varieties of germanium alloy transistors. The prin- 
cipal types which are cited as examples are: (1) a low-cost, high-volume 
production p-n-p milliwatt transistor, (2) a mechanically rugged p-n-p 


*D, CO. Bennett and B, Sawyer, Transistor Technology, Vol. 11, D, Van Nostrand 
Company, Inc, Princeton, N, J, 1968, pp, 85107, 
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milliwatt transistor, and (3) a fast p-n-p power transistor. An n-p-n 
counterpart of each of these types has also been developed. The striking 
similarities of the fabrication process for all of these types allow the 
treatment to retain general applicability. 

To avoid confusion, this nomenclature will be adhered to (see Fig. 2) 
in the exposition to follow: 


base electrode: the part of the germanium wafer which is not doped to 
opposite conductivity type during alloying; 

emitter electrode: the regrown germanium, doped to a conductivity type 
opposite to that of the base electrode, existing on one face of the ger- 
manium wafer; 
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Fic. 2 Idealized alloy transistor element structure. 


collector electrode: the regrown germanium, doped to a conductivity type 
opposite to that of the base electrode, existing on the germanium wafer 
face opposite the emitter; 

base, emitter and collector contacts: the materials used to make ohmic 
electrical connection to the base, emitter and collector electrodes, re- 
spectively ; 

base, emitter and collector leads: the conductors which carry currents 
between the respective contacts and the respective terminals; 

base, emitter and collector terminals: the conductors to which electrical 
contact is made by the external circuit. 


TRANSISTOR ELEMENT FABRICATION 


The product of the transistor alloying process is a single-crystal ger- 
manium wafer having three regions that alternate in respect to conduc- 
tivity: type, either p-n-p or n-p-n. These regions are formed by placing 
spheres or discs of doping material on opposite sides of a prepared wafer, 
and heating to allow the dope (or carrier metal containing dope) to melt 
and dissolve part way into the wafer, As the molten alloy is cooled care- 
fully, dissolved germanium reerystallizes at the liquid-solid interface of 
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the wafer which acts as a single-crystal seed. The regrown germanium 
is now doped to the opposite conductivity type from the base wafer since 
it contains, in solid solution, some of the doping element of the alloying 
metal. The resulting transistor crystal will be n-p-n or p-n-p in con- 
ductivity type for emitter-base-collector respectively, depending upon 
the original germanium type and the nature of the doping materials 
alloyed into the germanium wafer. Control of the properties of these 
three regions of the element and of the two semiconductor junctions be- 
tween them is basic to the production of transistors of uniform character- 
istics. The area, shape, and planarity of the semiconductor junctions, 
the parallelism and relative placement of these boundaries, and the semi- 
conductor bulk properties of the three regions are attributes of the tran- 
sistor crystal that will determine, to a large degree, the ultimate suitabil- 
ity of the completed device. 

In the subsequent sections the important variables in transistor element 
fabrication and several of the techniques which have been developed to 
control these variables will be discussed. 


Semiconpuctor Materiau. The product of germanium processing is 
clean, single-crystal wafers of predetermined thickness with flat, parallel 
faces and specified crystal orientation. These properties help control the 
relative spacing of the two semiconductor junctions and their shape and 
provide mechanical strength. Generally, the wafer is prepared from an 
ingot slice, which, in turn, is obtained from an ingot portion by diamond 
sawing and lapping or etching. 

Several procedures have been found satisfactory for shaping wafers 
from prepared slices. A “scribe-and-break” technique, employing a 
weighted diamond stylus and a ruling engine, is used successfully on 
slices with lapped or etched surfaces. Frequently wafers are prepared by 
cutting slices into rectangles, using diamond saws arranged in gangs. Ul- 
trasonic cutting operations may also be performed on lapped or etched 
slices; this process may be used to provide wafers of almost any shape 
needed for alloy transistor structures. Germanium may also be cut by 
abrasive material in slurry form guided across a slice by means of a mov- 
ing string or wire. 

The condition of the surface of the germanium wafer prior to alloying, 
as well as that of the solvent doping material, has a marked influence on 
the quality of the resultant alloyed junctions. The fusing of one metal 
to another is by no means unique to the transistor field, but the degree 
of attention to detail required is greater in semiconductor work because 
interface perfection on a microscopic or sub-microscopic scale is necessary. 

The surface of a germanium wafer which has been lapped is mechani- 
cally damaged. Experiments indicate that this damage may penetrate 
as deeply as one and a half mils into the wafer, and, therefore, a lapped 
surface is not a desirable one on which to alloy. The usual practice is 
to remove the damaged layer at the wafer surface by chemically etching 
two to five mils from each surface, Room temperature, non-agitated or 
slowly agitated etching of germanium wafers with any of the chemical 
polishing type etches, such as the nitric acid-hydrofluorie acid mixtures, 
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ordinarily results in uneven surfaces and pillow-shaped cross sections. 
In general, etchants containing hydrogen peroxide will etch at much 
slower rates and provide quite flat and parallel wafer surfaces, but these 
surfaces will have a “scalloped” texture as illustrated in Fig. 3(a). This 
“scalloped” surface is not inferior to a polished surface for alloying pur- 
poses, but it obscures semiconductor material imperfections which influ- 
ence the junction quality. 

Regular, mirror-like wafer surfaces can be obtained by use of agitated 
chemical polishing etchants held at constant temperature. The uniform- 
ity of surface resulting, see Fig. 3(b), is due primarily to the elimination 











Fic. 8a Typical surface resulting Fic. 3b ~=Typical surface resulting from 
from use of etchant containing hy- use of chemical polishing etchants. 
drogen peroxide. (Original magni- (Original magnification 100; photo 
fication 100; photo reduction ap- reduction approx. 39%.) 

prox. 39%.) 


of localized high-temperature spots, and to the removal of bubbles from 
the surface being etched. CP-4 or CP-8 etchant in a platinum beaker 
at 50°C, agitated in a one-inch circle at 200 RPM gives good results. 
Even under such controlled etching conditions, however, some variation 
in thickness across a wafer may result. 

Most wafer-shaping operations require the use of adhesives to secure 
ingots or lapped slices to mounting blocks. Irrespective of the etching 
procedure used these adhesives must be completely removed to assure 
uniform etching. 


AuLoyInc MATERIAL REQUIREMENTS. Alloying materials are chosen, 
primarily, for their ability to dope the germanium to opposite conduc- 
tivity type in order that. junctions be formed during alloying. Specific 
transistor processes impose numerous other metallurgical and chemical 
requirements on the alloying metals. For example, the brittleness of 
germanium requires that the connection to the junction regrowth regions 
made by the alloyed pellets be strain-free, Hence, mechanically “soft” 
materials must be used as the alloying dope or carrier of dope, A 
requisite for the production of flat and parallel alloyed junctions is 
good wetting of the germanium surface by the alloying material, Fur- 
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ther, germanium must have satisfactory solubility in the dope or carrier 
at reasonable temperatures. If the liquidus of the phase diagram for 
germanium and the alloying material indicates a definite “knee” in the 
alloying temperature range [like the diagram shown in Fig. 4(b)] it is 
desirable to carry on the alloying process at a temperature below this 
knee, since small temperature gradients across a wetted area then have 
little effect upon penetration. High purity of the alloying material is 
necessary to the preparation of good alloy junctions. The, presence of 
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Fic. 4 Phase diagrams. Germanium and alloying materials. 
(a) Ge-In (Germanium-Indium) 
(b) Ge-Pb (Germanium-Lead) 


dross or other inclusions in a pellet of alloy material will prevent uniform 
wetting of the germanium, and minor impurities in doping material can 
greatly affect the electrical characteristics of junctions. Should the dop- 
ing alloy contain a high vapor pressure constituent, difficulties in further 
processing of an alloyed element can occur. For example, at typical 
n-p-n alloying temperatures, arsenic vapor from the lead-arsenic alloy- 
ing material can cause the formation of an n-type skin on the surface of 
the p-type wafer which, unless removed, will hinder the later production 
of a low-resistance ohmic base connection and reduce the probability of 
success of subsequent etching operations. 

Low-resistivity regrowth regions are required of the element primarily 
in order to enhance emitter efficiency.* The segregation coefficient of the 
alloying material dope in germanium, therefore, must be high. Table 1 
tabulates segregation coefficients for several alloying materials. Fig. 5 
shows typical curves of small-signal common emitter current gain vs cur- 
rent for two types of medium power high-frequency transmission units, 


"The theory of common emitter current gain va current has been deseribed by 
Webater (Ref, 1), 
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TABLE 1 CHARACTERISTICS OF ALLOYING MATERIALS 











Usual Binary Ternary 
Carrier Tempera- | Segregation | Segregation 
Dopant Type Alloying ture, °C Coefficient, | Coefficient, t 
Material ky ki 
Indium P — 550 * 0.0007 —_ 
937 tT 0.001 — 
Gallium P Indium 550 * 0.015 0.01 
937 t+ 0.1 —_— 
Aluminum P Indium 550 * 0.01 ** 0.1 
937 t 0.1 — 
Arsenic N Lead 750 * 0.010 0.01 
937 + 0.06 — 
Antimony N Lead 750 * 0.0004 0.0004 
937 T 0.005 — 








* Typical alloying temperatures. 

+ M.p. of pure germanium at which the usually quoted binary coefficients are 
obtained. 

** FA. Trumbore, Bell Telephone Laboratories, private communication. 

{ Estimates of k of dopant in germanium at temperature indicated when a small 
percentage of dopant is present in the usual carrier material. C. D. Thurmond, 
Bell Telephone Laboratories, private communication. 


The upper curve illustrates the h,. fall off of the usual non-symmetrical * 
indium transistor, and the lower curve shows what can be done to flatten 
out the curve by adding gallium to the indium emitter and making the 
unit symmetrical. 


ALLoYING MaTeriaAL PREPARATION. Alloying material pellets are usu- 
ally prepared in one of two ways. “Spheres” of alloying material can be 
produced directly from a melt by employing shot-tower techniques. Siev- 
ing operations provide a classification of shot-tower product to quite close 
limits on diameter. For very accurate control of the pellet mass, these 
sieved pellets can be sorted for sphericity on a reciprocating table and 
then sized by use of a roller micrometer. If alloying materials are to be 
fabricated by various mechanical processes, the usual starting point is an 
ingot which is rolled into sheet, slit into ribbons, and punched to provide 
dises. In the case of two-or-multi-component alloys, such as lead-arsenic, 
the ingot is quick-chilled from the melt to prevent segregation which 
would cause non-uniformity in composition in the sheet or ribbon into 
which it is rolled, 


*The usual non-symmetrical transistor has a collector junction area that is larger 
than its emitter junction area, A symmetrical transistor has equal collector and emit- 
tor junction arenas, 
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Several procedures may be employed to clean the doping material be- 
fore alloying. The first step in cleaning any of the materials usually in- 
volves degreasing in organic solvents to remove animal and vegetable 
contaminants. Pure indium or indium-gallium alloys can be successfully 
cleaned by etching in concentrated nitric or hydrochloric acid, followed 
by a thorough rinse in deionized water. In order to remove volatile con- 
taminants and oxides, this chemical cleaning procedure can be supple- 
mented by a heat-treatment in forming gas or hydrogen at 600-700°C. 
The techniques for cleaning indium-gallium alloys are essentially the 
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Fic. 5. Dependence of current gain on collector current. 


same, except that dilute hydrochloric acid is used as an etchant. Ltad- 
arsenic alloys can be successfully cleaned by degreasing and then heat 
treating in vacuum (about 10 microns) at 500-600°C. 


Autoyinc Meruops anp Equipment. The remaining part of this sec- 
tion is devoted to a discussion of the basic alloying techniques, equip- 
ment, and some of the important process variables. 


Time-temperature Program. Generally the alloying temperature pro- 
file is characterized by a linear increase in temperature to some peak 
temperature, which is accurately held (+5°C or better) to establish equi- 
librium conditions (2-10 min), and then decreased in a smooth manner 
to provide favorable conditions for uniform regrowth. The plateau at 
the peak temperature is desirable from a control standpoint, i.e., alloying 
to equilibrium requires that only the peak temperature be accurately 
reproduced, whereas non-equilibrium alloying requires that the entire pro- 
file be accurately repeated, 


The advisability of reasonably slow cooling of about 20-80°C per min 


(at least for the first 100-200°C or so after peak temperature) has been 
quite firmly established, The oven, being the source or wink for heat, 


ne ee 
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is heated or cooled in advance of the alloying fixture. If fast cooling 
is employed, two undesirable conditions result from the large outwardly 
directed temperature gradients. These gradients cause recrystallization 
of germanium in the somewhat cooler alloy contacts, rather than on the 
seed wafer, and regrowth to concentrate around the outer edge of the 
alloyed area rather than to distribute uniformly over the entire wetted 
area. Alloying jig materials which are poor thermal conductors, such as 
graphite or ceramics, enhance these unfavorable thermal gradients during 
cooling, and require somewhat slower heating and cooling rates than 
metallic jigs. | 

Intuition might suggest that the rate of rise to the temperature plateau 
is equally as critical as the cooling rate, but process data indicate other- 
wise. For example, two similar high-frequency transistors exhibit nearly 
identical electrical characteristics as well as yields; the rate of increase 
of temperature in one case is 20°C per min and, in the other case, it is 
50°C per min. There is no reason, of course, to presuppose that solution 
and regrowth processes are controlled by the same mechanism. One 
theory suggests that solution originates at crystal imperfections in a 
single crystallographic plane and then alloying action rapidly skims 
away this entire plane. Unless there are large thermal gradients due 
to an extremely rapid rate of rise, this skimming action will result in 
planar dissolution. 


Alloy Fixture Design. For the most part, alloy junction transistors 
in manufacture today can be classed as large or small (junction) area de- 
vices, and the principles of alloy fixture design differ for the two types of 
units. In this discussion let us regard one square millimeter of alloyed 
area as the dividing line, i.e., units with an area less than one square milli- 
meter are arbitrarily classed as “small-area” devices and those of area 
greater than this are “large-area” units. 

In order to assure uniform wetting and alloying over the entire junc- 
tion, large-area transistor alloying fixtures usually apply pressure to the 
alloy pellet as shown in Fig. 6. For small-area units, adequate wetting 
can be achieved without the use of pressure. In this case, the size of 
the alloying mass is small enough so that the surface tension forces are 
usually sufficient to confine the wetting within workable limits. 

The two most commonly employed alloy fixture materials are stainless 
steel and high-purity, high-density graphite. Alloying jigs of graphite 
are not wet by alloying materials at normal alloying temperatures. The 
graphite fixture, in addition to its poor thermal properties, has two other 
serious drawbacks: its poor resistance to mechanical abrasion and the 
ever-present graphite powder which can contaminate the parts to be 
alloyed and inhibit wetting. An alloying jig fabricated of stainless steel 
offers none of these disadvantages, but, if not properly treated, its sur- 
faces will be wet by the alloying materials, Several techniques are em- 
ployed to prevent wetting of these fixtures; oxidation in wet hydrogen 
at 1260-1300°C, blackening with a candle, heat treating in nitrogen at 
850-900°C and treatments with molten inorganic salts, 
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Alloying Ovens. Alloyng ovens and control equipment are fairly well 
standardized throughout the industry. Oven walls are usually con- 
structed of Nichrome, Inconel, or various steels, as well as quartz and 
ceramics. 


Sequence of Alloying Cycles. The collector and emitter junctions of 
the transistor may be aloyed simultaneously or sequentially. Single- 
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Fic. 6 Alloy fixture design. 


cycle alloying, i.e., alloying both junctions at the same time, cuts alloy- 
ing time, minimizes possible wafer contamination due to reloading, and 
reduces mechanical breakage. The alloy fixture design used for the 
single-cycle alloying is usually more complicated than those employed 
in two-step alloying. Sinzle-cycle alloying is currently being employed 
on large- and small-area ‘ransistors; typical elements produced by this 
process are shown in Fig, 7, 

Under certain circumstances it may be expedient to alloy in two sepa- 
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rate steps. One such case, to be discussed in detail later, is that of high- 
frequency, medium-power devices. These devices have a junction area 
of approximately one square millimeter and, as a consequence, present 
problems in wetting and alloying not ordinarily encountered in low-fre- 
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Fie. 7 Transistor element cross sections. 
(a) 50-milliwatt class, p-n-p, single-oven cycle transistor. (Original 
magnification 100%; photo reduction approx. 18%.) 
(b) Medium-power, high-speed, p-n-p transistor. (Original magnifica- 
tion 50X; photo reduction approx. 18%.) 
(c) Single-oven cycle, gallium-doped power transistor. (Original mag- 
nification 40%; photo reduction approx. 30%.) 


quency, small-area devices. In this case, pressure can be used to secure 
uniform alloying over the entire wetted area, as well as to establish accu- 
rately the required junction areas. Because pressure techniques are diffi- 
cult to use in a single-cycle process on units of intermediate area, such 
devices lend themselves more readily to two-step alloying. The first 
alloying gives a cylindrical contact, as illustrated in Fig. 8(a). During 
the second alloying run the first contact is allowed to hang free, and 
its mass is redistributed and concentrated along its vertical axis, as illus. 
trated in Fig, 8(b), If, during the alloying of the second junction, the 
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Fic. 8 Contact shapes. (a) Constrained contact after first alloy cycle. (b) 
Transistor element after‘second alloy cycle. 





Fia. 9 p-n-p medium power alloy transistor showing effect of misoriented wafer, 
(Original magnification 75; photo reduction approx. 10%.) 
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first contact is heated to its original alloying temperature, a further alloy 
penetration will take place primarily along the axis of the unit (due to 
the redistributed contact mass) and cause the first alloyed junction to 
become non-planar. However, if the second alloying temperature is re- 
duced by approximately 50°C, no further penetration will take place, 
and the planar shape of the first junction will be preserved. 

HIGH-FREQUENCY TRANSISTORS. The discussion of several important 
points concerning the fabrication of the alloyed element has been de- 
ferred so that a background of alloying principles might be co 
While the material to be presented i is 
applicable to all alloy devices, it is of 
particular importance in the fabrica- 
tion of high-frequency transistors 
(fab ~ 4-20 mc). 

Effects of Crystal Orientation and 
Dislocation Density. In most alloy- 
ing processes, advantage is taken of 
the natural tendency of the <1:1:1> 
crystal planes to produce flat and 
parallel junctions. Depending some- 
what upon the thermal conditions 
within the alloying jigs, a misorienta- 
tion of the wafer surface from the LOCALIZED 
true <1:1:1> plane can cause vary- PENETRATION 
ing degrees of non-uniform and non- 
planar penetration during alloying ; 
which, in turn, can produce low reach- Fic. 10 Localized penetration. 
through voltage and difficulties in final (Magnification 50x.) 
etching of the junctions. For satis- 
factory yields in the preparation of high-frequency units, the orientation 
of the major surfaces of the slice must be held to within one-half a degree 
of the <1:1:1> plane. Fabrication of low-frequency units can tolerate 
a larger variation in orientation. Fig. 9 illustrates the effects of alloying 
on a misoriented wafer. 

The effect of high dislocation density * of the semiconductor material 
is most evident in the processing of high-frequency units. For these de- 
vices, the distribution of reach-through voltages shifts downward sig- 
nificantly when material of greater than about 4000 e.p./em? is used in 
their preparation. The localized deep alloy penetration attributable to 
dislocations is illustrated in the photograph of Fig. 10. One would ex- 
pect to see little effect of dislocation density on the characteristics of 
wide base region, low-frequency transistors. Units with base-layer spac- 
ing of approximately 2.8 mils and resistivity of 6 ohm-cem show a median 


L 





*An etch-pit count made on a surface of the cut ingot portion in a <1:1:1> 
plane is used to determine the dislocation density of the germanium used in alloy 
junction transistor fabrication (Ref, 2), If the orientation of the etched face in off 


by more than two degrees, a true count cannot be obtained, 
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reach-through voltage of greater than 150 volts (test set limit) when 
prepared from material indicating 100,000 e.p./em?. 

Another material defect, contributing to erratic results in alloying, i.e., 
low reach-through voltages and possible alloy-through, is the presence 
of “crow tracks” on the etched wafer such as that shown in Fig. 11(a). 
The characteristic crow-track pattern is probably due to rapid etching 





(b) — 


Fie. 11 (a) Crow track wafer, n type. (Original magnification 25x; photo re- 
duction approx. 17%.) (b) Crow track, p-n-p alloy. (Original mag- 
nification 50; photo reduction approx. 17%.) 


of stressed material relative to the etching rate of normal material. Fig, 
11(b) is a cross-section photomicrograph showing the results of alloying 
into such a region. 


Variables Affecting the Base-layer Thickness. The marked influence 
of base-layer thickness on the cutoff frequency of alpha, the electrical 
reach-through voltage, and alpha (current gain) makes the process varia- 
tion of this parameter very important. The important process variables 
affecting base thickness are: wafer thickness, pellet mass, electrode area, 
and alloying temperature. This section relates the variables analytically 
and statistically verifies the equation for one particular design, The 


following equation, theoretically derived in Appendix I of this article, | 


relates the variation in base-layer thickness, W, to the variations in sev« 
eral process variables: 
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The symbols appearing in this expression are fully defined in Ap- 
pendix I. This expression is applicable to either p-n-p or n-p-n tran- 
sistors. 

The first term, At, is the variation in the germanium wafer thickness. 
The next two terms describe the effect on AW due to variations in the 
collector and emitter alloying temperatures. The next two terms repre- 
sent the effect on AW due to the variations in radii of the wetted areas 
of the collector and emitter. The final two terms indicate the effect on 
AW due to the variation in radii of the spheres used to alloy the collector 
and the emitter. 

As a numerical example, the expected variation in base-layer thick- 
ness will be calculated for a p-n-p transistor currently in production. 
Requirements on this device effectively limit the cutoff frequency of 
alpha to a band of 4-14 mc (base-layer spacing of 0.85 to 0.50 mil); 
the lower limit is a specification limit and the higher a virtual limit set 
by an empirical relation between dislocation density, base-layer spacing, 
and the specified minimum reach-through voltage (30 v). For this de- 
vice, the nominal base-layer spacing was chosen to be 0.62 mil which 
corresponds to a cutoff frequency of alpha of 7 mec. The nominal values 
and production ranges of the variables are tabulated in Appendix II of 
this article. Evaluating the constants of the general equation, we obtain 


AW = At — 0.012 AT, — 0.008 AT, + 0.130 Ar,,. 
+ 0.134 Ar,,. — 0.255 Ars,- — 0.218 Ars,¢. 


Table 2 shows the variation in W and the consequent variation in the 
frequency cutoff of alpha, which is obtainable when any single variable 
changes over its production range. Considering the individual terms of 
the above expression, we find that a spread in wafer thickness of +0.06 
mil gives directly the same spread in AW and corresponds to a band of 
cutoff frequencies lying between 5.8 and 8.6 mc. A variation of +5°C in 
collector alloying temperature produces approximately the same band of 
frequency cutoff. The emitter junction is alloyed at a temperature about 
50°C lower than that of the collector junction, and, due to the reduced 
solubility of germanium in indium at this lower temperature, a +5°C 
variation in emitter junction alloying temperature produces a narrower 
frequency cutoff band, The band limits in this case are approximately 
6to8me, A variation of «&% mil in the radius of the wetted area of 
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TABLE 2 EFFECTS OF INDIVIDUAL ALLOYING PROCESS VARIABLES 
ON BASE THICKNESS AND FREQUENCY CUTOFF OF ALPHA 


AW = At — 0.012AT, — 0.008AT. + 0.130Ar,,¢ + 0.134Ar,,. — 0.255Ar,,¢ — 0.218Ar,,¢ 








Range of Base Variation of 
Width Result- | Frequency Cut- 
Production ing from an off of a Corre- 
Process Variable Range of Individual sponding to 
Variable Process Variable! Base Width 
(Using Equa- Variation 
tion)(Mils) (Me) * 
At: Variation in wafer thick- 
ness +0.06 mil +0.060 2.8 
AT,: Variation in alloying 
temp.-collector +5°C +0.060 2.8 
AT: Variation in alloying 
temp.-emitter +5°C +0.040 1.9 
Ar,,-: Variation in radius of 
wetted area-collector +0.5 mil +0.065 3.0 
Ar,,e: Variation in radius of 
wetted area-emitter +0.5 mil +0.067 3.0 
Ar,,-: Variation in alloying 
pellet radius-collector +0.33 mil +0.084 3.9 
Ars,e: Variation in alloying 
pellet radius-emitter +0.33 mil +0.072 3.4 











* Frequency cutoff of a variation based on a nominal base width of 0.62 mil and 
nominal frequency cutoff of 7.0 mc. 


either collector or emitter results in a frequency cutoff band ranging be- 
tween 5.5 to 8.5 mc. The variation in indium mass produces the largest 
effect on base-layer spacing: +14 of a mil variation of the indium sphere 
radius results in a frequency band extending from approximately 5.5 to 9 
me for both collector and emitter. 

By substituting these ranges of the individual variables into the pre- 
ceding expression we find the maximum possible variation in W to be 
+0.45 mil. Treating the variables as independent, and statistically com- 
bining them, we find the expected production control limits (three sigma 
limits) to be +0.18 mil. Thus, from these calculated limits, we should 
expect to obtain very high yields in so far as the parameters which are 
directly affected by base-layer spacing are concerned, Production yields 
in excess of 95 per cent have been achieved regularly on these speed and 
reach-through requirements, 
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ETCHING AND SURFACE TREATMENT 


The processes of etching, washing, drying, surface treatment, and im- 
pregnation all fall into the domain of surface chemistry. Each has 
its own subtleties and unique contribution to transistor performance, 
although often the effect of one treatment may be dependent on the suc- 
cess of one or all of the prior steps. Transistor processing will here be 
discussed in chronological order. In the event that a variety of processes 
are in use, only those which serve to illustrate the basic principles in- 
volved will be included. Alternative processes will be described when 
the apparent differences between them may be used to illustrate how 
subtle structural variations may alter results but still not conflict with 
basic principles. 

Three principles appear basic to successful etching. It is necessary to 
remove any high-conductivity layer which would tend to shunt the junc- 
tion; cleaner saturation current characteristics can be obtained by mini- 
mizing contamination; finally, formation of an oxide layer on the ger- 
manium surface appears important in’achieving surface neutralization. 
In a sense, etching serves as a remedy for sins of commission or omission 
in transistor design and fabrication. A suitably designed and fabricated 
transistor would require only those surface treatments necessary to estab- 
lish controlled and permanent surface layers. 


PRE-ATTACHMENT Etcuine. In some alloy transistor processes the 
transistor element is etched after alloying and before all contacts are 
attached. This etching operation serves to remove oxides or converted 
surface layers which might inhibit the formation of the subsequent ohmic 
base connection. Some of the junction alloying material adjacent to the 
semiconductor must be removed, so that the periphery of the regrown 
region becomes more accessible to subsequent etches. The n-type dope 
usually used for n-p-n transistors has high vapor pressure at alloying 
temperatures and a certain amount of solid-state diffusion from the 
vapor phase may occur. The pre-attachment cleanup etch removes the 
resultant high-conductivity surface layer which may be formed on the 
base material. 


Finau Ercuine. Final etching is often carried out after contact at- 
tachments have been completed. This is necessary because most base 
and lead attachment techniques involve heating, which remelts the alloy 
material and oxidizes the active surfaces. The function of the final etch 
is to remove any damaged material from the active portions of the de- 
vice and leave a surface which contributes, in a controlled fashion, to the 
transistor’s performance. In achieving the former, the final etch must 
remove any alloy material which might tend to short the junction, dis- 
solve enough alloy material to expose the regrowth (if a contact-stripping 
etch has not been used), remove the peripheral degenerate or near-degen- 
erate regrown germanium, and keep in solution any metallic salts which 
might precipitate on the active regions of the device, The methods used 
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and principles involved in achieving this end are fairly straightforward 
and will be described in the first of the following two subsections. Con- 
trol of the germanium surface layer is more complicated and will be dis- 
cussed in a separate section. 

Fig. 12 illustrates a p-n-p transistor which was designed to approach an 
ideal of minimum etching and surface treatment; the junction alloying, 
base connection and lead wire attach- 
ments are accomplished in a single 
oven cycle so that no remelting occurs 
in later processing. This device is 
used in subsequent sections to demon- 
strate the separability of the damage 
removal and surface treatment objec- 
tives as well as the essential principles 
of each. 


Removal of Damaged Material. 
The multiplicity in etching techniques 
presently being used in alloy transis- 
tor fabrication results from the effort 
of the device designer to tailor process 
techniques to compensate for various 
structural designs. If the transistor 
Fic. 12 Low-power p-n-p transis- structure is composed of metals which 
tor designed for low-cost, high-vol- are easily attacked by chemical 

ume production. etches, the designer may use electro- 

lytic etches composed of solutions of 

sodium or potassium hydroxide. The wide variation in rate of germanium 

removal obtainable by changes in current density is illustrated in Fig. 13. 

This depicts cross sections of n-p-n alloy units etched 5 sec in 1% NaOH 

solution at 0.25 ma and 1.0 ma respectively. Note that in Fig. 13(b) the 

alloy material is undercut and not removed by the electrolytic etch. 

Thus, with this etch, it is desirable to use a contact stripping etch to ex- 
pose the regrown material prior to electro-etching. 

If the base metal parts in the transistor structure are either constructed 
of or plated with a noble metal, then mixtures of hydrofluoric acid and 
an oxidizing agent may be used to advantage in etching. Such chemical 
etching has the advantage that the alloy material, the germanium, and 
the regrown germanium are all dissolved by the etch. Variations in com- 
position and solution concentration and the presence or absence of in- 
hibitors are necessary to compensate for variations in structural design. 
If the alloying material is lead, or a lead alloy, the solution must con- 
tain an efficient lead solvent. Most p-n-p transistors must be etched in 
a solution which dissolves indium readily, and a different etchant may 
be required if the indium contains additional elements such as gallium, 





The etching rate at the interface between the alloyed contact and the | 


germanium is usually enhanced by the electrochemical potential exist- 








Chapter 7: ALLOYING 193 


ing between the dissimilar metals. This enhancement is best illustrated 
by the “moat” of a device which has been deliberately over-etched 
around the alloy pellet (Fig. 14) and around the base attachment (Fig. 
15). Such removal of semiconductor material by the etching solution as 
depicted in these figures may drastically limit the mechanical strength 
of the finished device. 

Variations in base-layer resistivity, germanium perfection, and crystal- 
line orientation can also affect the etching rate. These factors are second- 


(b) 


Fig. 13 Cross sections of electroetched n-p-n alloy transistors. (Original mag- 
nification 100%; photo reduction approx. 27%.) Etched in one per 
cent NaOH. 

(a) Etched 0.25 ma, 5 sec. (b) Etched 1.0 ma, 5 sec. 


order effects which can be empirically compensated for by adjustment in 
etch composition. 


Control of Surface Properties. This section will summarize the ac- 
cumulated experience in final etch processing of several alloy transistors 
and discuss those variables which appear to be significant with respect 
to all types. The previously discussed p-n-p alloy transistor (Fig. 12), 
which is prepared in a single oven cycle, is chosen for the bulk of this 
summary, since it is free from the remelt problems associated with base 
contact and lead wire attachments and hence eliminates from the experi- 
ments variables associated with the removal of damaged material. 

Table 3 summarizes the essential characteristics of a p-n-p alloy tran- 
sistor of this type which has been alloyed in a reducing atmosphere and 
measured immediately after alloying and after storage and chemical 
treatment. The figures represent values typical of a low-power, medium- 
alpha, medium-frequency transistor fabricated on a nominal germanium 
resistivity of 2 ohm-cm,. The device shows no measurable rectification 
immediately after alloying, but then exhibits an improvement in charac- 
teristics which continues with time stored in room air. The effective 
junction lifetimes (Ref. 3) are also listed to show that the surface re- 
combination velocity of the device follows the same behavior pattern as 
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Fic. 14 Cross section of milliwatt class p-n-p alloy transistor illustrating chem- 
ically etched “moat” around alloy pellet. (Original magnification 
100; photo reduction approx. 42%.) 





Fic. 15 Cross section of over-etched p-n-p alloy transistor. (Magnification 
25x.) Note weakened germanium wafer and emitter lead attachment, 
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TABLE 3 BEHAVIOR OF p-n-p ALLOY TRANSISTOR PARAMETERS 
DURING SURFACE TREATMENT 


Median Value of | Median Value of | Median Value of 
Surface Treatment 


Ic (0, —20v) |BVcg(0, —50uA) T eff 
None—tested immedi- 
ately after alloying >1000 vA — — 
24 hr in room air 50 18 v 1.9 usec 
H,O.-dipped and oxygen- 
baked 4.0 52 6.1 
Etched and oxygen-baked 3.7 55 3.7 


a germanium bar subjected to these chemical treatments (Ref. 4). Chem- 
ical etching or a surface treatment involving exposure to H2O, and heat- 
ing results in nearly the same characteristics. This table shows that this 
device does not require a damage removal etch and, in addition, suggests 
that an oxidation process is essential to the formation of a surface on the 
device which allows the built-in bulk properties to be displayed. Al- 
though the data shown here are for p-n-p’s only, experience has shown 
that this requirement of surface oxidation applies equally well to n-p-n 
alloy transistors. 

It should be noted here that, usually, neither the saturation currents 
nor breakdown voltages observed in practice agree with theoretical 
values (see Fig. 16). Surface recombination velocities on the order of 
500-1000 cm/sec must be assumed to account for observed saturation 
currents, whereas surface recombination velocities for most etched sur- 
faces are usually between 50-300 cm/sec (Ref. 4). 

Contamination of the semiconductor surface with a variety of sub- 
stances can alter the charged surface layer, with a resultant change 
in device characteristics. Insoluble salts deposited in micro-quantities 
and/or metallic ions may be absorbed in the germanium oxide layer. 
Thus, the composition of the etch must be such that, even under the most 
unfavorable conditions at the semiconductor-solution interface, the dis- 
solved metal ions remain highly soluble. Fig. 17 shows the effect of etch 
composition on the breakdown characteristics of a p-n-p alloy transistor. 
In this experiment, the only deliberate process variable was the etch 
composition, Etech 1 was a 5-5-8 mixture of hydrofluoric, nitric, and 
acetic acid; etch 2, a 1-1 mixture of HF and HNOs; etch 3, a 1-3 mix- 
ture of HF and HNOs. It is presumed that the more desirable high- 
breakdown voltage distribution resulted from more favorable conditions 
at the germanium-etech interface during etching. Even group 3, however, 
falls short of the body breakdown value of 165 v for 2 ohm-cm material 
(see Fig. 16), Typical units from group 8 show significantly sharper 
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“knees” in their breakdown characteristics. Table 4 illustrates that not 
only are these results reproducible, but that they are reversible. Units 
which have been initially etched in type 3 etch display breakdown volt- 
age characteristics of group 3 in Fig. 17. A slight re-etch in type 1 etch 
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Fic. 16 Alloy junction breakdown voltage of small-area p-n-p transistors. 


shifts the distribution to values comparable with those of group 1. 
Finally, a second treatment in etch 3 restores the voltage breakdown 
distribution to its original value. 

Forster and Miller (Ref. 5) have reported that germanium surfaces 
freshly treated with HF exhibit low conductance n layers and chemical 
oxidation tends to make the surfaces p type. Garrett and Brattain have 
shown that a high surface recombination velocity is associated with the 
minimum in surface conductivity (Ref. 6). Thus, oxidation is one way 


TABLE 4 DEPENDENCE OF p-n ALLOY JUNCTION BREAKDOWN 
VOLTAGE ON ETCH COMPOSITION 


Median Value of Median Value of 
Etch Type BVcps (0, —50 wA) Toft 
After etch 3 70 Vv 8.1 usec 
3 sec re-etch in etch 1 50 7.3 
3 seo re-etch in eteh 2 64 7.50 


8 neo reeoteh in etch 8 vat 8.0 
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ETCH TYPE 10TH wichaae 90TH 
PERCENTILE PERCENTILE 
36 57 88 
42 69 100 
72 86 100 











Fic. 17 Dependence of breakdown voltage on etching. 


of achieving low surface recombination velocity (and the resultant low 
saturation currents) on both n-p-n and p-n-p transistors. There are a 
number of disadvantages to reliance on the timewise stability of the 
surface charge associated with germanium oxide, since temperature and 
atmosphere can affect this surface charge. It is evident, however, that 
the semiconductor surface charge may be changed in a variety of ways. 
A more stable surface layer in place of germanium oxide would be highly 
desirable. 


WasHina. The importance of thorough washing of grown junction 
transistors subsequent to etching has been stressed in Chapter 4 of this 
volume. Such considerations apply equally well to alloy transistors. 
Ionic, or solid, material which is held to the semiconductor surface can 
affect the surface potential and, through this, the device properties. In 
addition, such material often reacts directly with the semiconductor or 
with the surrounding medium, especially at high temperature, to the det- 
riment of device stability. If material is absorbed in a thick oxide layer 
or chemisorbed to the oxide, even prolonged washing in high-purity water 
may not remove it. There is even some evidence that prolonged wash- 
ing is detrimental to alloy p-n junction saturation current characteristics. 
ig. 18 represents data taken on a group of 437 units of the same variety 
used in the experiments of Fig. 17. These transistors were etched in 
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TREATMENT 
{0TH 90TH 
percentice | MEDIAN | peRceNntiLe 
TYPE I ETCH 
AND RINSE 134 
ONE HOUR WASH; 
ROOM TEMP, DEION™ 102 
\ZED WATER 
ONE HOUR WASH; 
eo 124 


90°C , AIR“SATURAT! 
WATER 


Nia, 18 Effect of prolonged washing on chemically etched prep transistors, 
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type 3 etch, rinsed briefly, dried and tested for voltage breakdown. Next, 
the devices were randomized and separated into two groups. The first 
subgroup of units was then washed for 1 hr in running room-temperature 
deionized water of 0.1 wmho specific conductivity and retested. A sig- 
nificant drop in voltage breakdown distribution is observed. The second 
subgroup was washed for the same period in 90°C air-saturated water. 
No voltage breakdown drop is observed. 

Since germanium oxide is slightly soluble in water, and since voltage 
breakdown has been shown to be related to the oxide layer, one presumes 
that the drop in breakdown after washing is due to solution of the ger- 
manium oxide layer left on the surface by the etch. On the other hand, 
prolonged washing in air-saturated water is a favorable condition for the 
formation of oxides. Thus, the breakdown of these junctions is not 
changed. Although such changes in device parameters have often been 
observed after washing, the basic experiments necessary to substantiate 
such a theory have not been carried out. However, the data illustrate 
that seemingly minor details of transistor fabrication can yield contra- 
dictory results without conflict with basic principles. 


Drying. Early alloy transistor processing was characterized by a wide 
variety of drying techniques involving solvent rinses, as well as heat, 
vacuum, and combinations of all three. This was the result of the diffi- 
culty experienced in eliminating the effect of moisture on the reverse 
junction characteristics. It has since been found that transistors or 
diodes which are difficult to dry usually have been subjected to those 
etches which tend to oxidize rapidly or heavily. For example, units 
which are treated in dilute nitric acid-water solutions, in etches contain- 
ing hydrogen peroxide, or washed in hot air-saturated water are all diffi- 
cult to dry. Electro-etched units or units etched in hydrofluoric-nitric 
acid mixtures are more easily dried. Differences in proportions of acids 
for the chemical etches or variations in electro-etching current density 
will result in variations in drying difficulty. P-n-p alloy transistors 
etched in the type 3 etch described earlier can be etched, rinsed briefly, 
dried by placing in an air stream, and tested in dry air immediately 
with no further treatment necessary. 

Thus, the results from drying experiments also indicate the presence 
of a layer on the germanium surface which is quite dependent on its 
mode and rate of formation. Differences in the surface layer, in turn, 
are reflected in the transistor characteristics. Electron diffraction meas- 
urements made on alloyed transistors which exhibited differences in dry- 
ing rate have indicated that units which dry with difficulty are covered 
with an amorphous film approximately 50 angstroms thick, whereas 
units which dry readily have a thinner continuous crystalline oxide 
layer. 


MECHANICAL DESIGN AND FABRICATION PROCESSES 


Device processing, aside from the fabrication of the alloyed element 
and the etching treatments used to diselose its useful propertios, has two 
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functions: mounting the transistor element and enclosing the transistor 
element in a suitable container. 

The interplay of the requirements of transistor structure design and 
the factors which compromise them provide a framework for the discus- 
sion which follows. First, the basic structural considerations will be 
outlined in a practical sense; next, specific examples of the effects of de- 
vice specialization will be explored. 


MovuntTING THE TRANSISTOR ELEMENT. The attachments to the tran- 
sistor element must be designed to support the element properly as well 
as establish good electrical and thermal connections to the active device. 
Mounting processes must minimize damage to the element or contami- 
nation to its surfaces. Although the characteristics of devices degraded 
in mounting may be improved by etching, better process yields and de- 
vice reliability can be obtained with process and structural designs which 
do not require “clean-up” operations. 

The stress condition occurring within the semiconductor due to mount- 
ing of the transistor element is of prime importance in device structural 
design. The mechanical properties of germanium resemble, in a general 
way, those of glass, and certain aspects of glass technology may be ap- 
plied to semiconductor work. Sharp changes in wafer cross section, sur- 
face scratches and notches, or any condition resulting in concentration 
of stresses must be avoided. Residual stresses, particularly those plac- 
ing the semiconductor in tension, must be eliminated by proper struc- 
tural design if the device is to have a high order of mechanical reliability. 
The mass of structure supported by the semiconductor should be mini- 
mized. 

The attachment techniques used most frequently are processes involv- 
ing the alloying or soldering of metal piece-parts or piece-part coatings 
to the electrodes or contacts of the transistor element. The require- 
ments on these connections make the choice of these metals difficult. The 
temperatures required to make the attachment alloy must not degrade 
the junctions already prepared in the transistor element. Should remelt 
of the emitter and collector contacts occur during electrode attachment, 
spreading of the contacts on the semiconductor wafer might make later 
etching steps ineffectual. Ductility is a desirable attribute of a connec- 
tion to a contact or an electrode. For these connections one must select 
metals whose alloying properties are not critically dependent on tem- 
perature, time or the amount of metal present. An example of excessive 
solution of semiconductor by a contact metal and the weakening of struc- 
ture that can result is illustrated in the cross section of a gold-germanium 
alloyed base attachment shown in Fig. 7(a). The condition pictured 
is caused by heating the wafer to high temperatures in contact with a 
heavily plated base piece-part, 

Because the base contact of most transistor designs encompasses a com- 
paratively large area of the semiconductor, the problem of residual 
stresses in the semiconductor may require special consideration, Most 
structural designs employ a base piece-part coated with the metal to 
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be alloyed to the semiconductor, and ordinarily the alloys are formed in 
the temperature range from 400°C to 600°C. Thus, to minimize residual 
tensile stresses in the semiconductor, the thermal expansion of the base 
electrode piece-part and the semiconductor and the semiconductor wafer 
must be similar. Of the materials used most frequently in semiconductor 
fabrication, the coefficients of thermal expansion of molybdenum and 
various ceramics match most closely that for germanium. Although 
often used, nickel and Kovar provide less satisfactory thermal matches 
to germanium. ; 

The connection to the base electrode must have essentially ohmic 
characteristics. A suitable doping element, i.e., antimony or gallium, 
may be added to the metal of the base contact to prevent the formation 
of a rectifying junction at this contact. 

The means employed to support the transistor element usually is de- 
pendent upon the requirements of specialized device function. Struc- 
tural supporting members, of course, are elastic, and, irrespective of the 
manner of element support, relative motion of contact attachments and 
transistor element supports is possible under the influence of forces in- 
duced by thermal changes and accelerations. Provision of mechanical 
uncoupling between the supported transistor element and other struc- 
tural components avoids excessive stresses in the semiconductor wafer 
due to these causes. 


EncapsuLatTion. The device encapsulation process must accomplish 
three design objectives. The first requirement is concerned with protec- 
tion of the mounted transistor element both from mechanical damage 
and from changes in the internal environment. Second, the encapsula- 
tion design must provide external terminations and means for mounting 
the finished transistor consistent with the needs of device applications. 
Finally, the power dissipation requirements on the transistor influence 
the encapsulation design. The satisfactory operation at elevated tem- 
peratures of all germanium alloy junction transistors depends, in part, 
upon the piece-part surface area, mass, and materials used in the tran- 
sistor encapsulation and the provisions made for thermally connecting 
the completed device with its environment. Because the considerations 
of thermal design, external termination and device mounting are pri- 
marily a function of specialized device applications, discussion of these 
factors will be made later, when specific transistor types and processes 
are discussed. 

The seals around the external leads and between the header and enve- 
lope are of major significance in the maintenance of the internal envi- 
ronment of the device, because they determine the leak rate into and out 
of the structure. Maximum permissible enclosure leak rate cannot be 
specified at present, however, for two reasons. First, the several treat- 
ments used on the active surfaces of alloy junction transistors and the 
many gaseous environments provided within the transistors result in a 
varying sensitivity to changes in internal ambient, Second, the degree 
to which the environment within the enclosure may be allowed to change 
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(with the consequent device degradation) depends critically upon the 
length of time the transistor is required to operate satisfactorily. At 
present, empirical transistor aging studies are important in determining 
the suitability of encapsulation design and choice of process leak-test. 
The techniques found satisfactory for the preparation of the insulating 
seals around external terminals are basically similar to those used in 
electron tube fabrication (Ref. 7). If, in the design of envelope-to- 
header seals, enclosure leak-rate were the only consideration, many tech- 
niques would be available to the transistor fabricator. In the prepara- 
tion of this seal, avoidance of the introduction of contaminating mate- 
rials and the alteration of the desirable device properties take on spe- 
cial importance, because, at this late point in processing, the fabricator 
is denied the opportunity to correct the damage incurred by the sealing 
process. Attachment of transistor envelopes by glass sealing is usually 
avoided because of the high temperatures required and the consequent 
evolution of gases from glass. The preparation of final seals by soft 
soldering is shunned, when this process requires a flux, due to the possi- 
bility for degradation of device initial characteristics and reliability with 
this technique. Welding processes appear most satisfactory for envelope 
attachment operations from the standpoint of seal quality, device char- 
acteristics, and processing costs. Evolution of gas trapped within the 
metal envelope walls occurs with this technique; however, if the tran- 
sistor element can be provided with a protective atmosphere or has re- 
ceived a “passivating” surface treatment, significant changes in any of 


the device characteristics as a result of the envelope attachment process 
may be avoided. 


Discussion or Speciric SrrucTURAL TYPEs. Engineering solutions to 
problems of design invariably require the compromise of basic objectives. 
The way that the structural design factors are adapted to meet the needs 
of specialized device function at the lowest possible cost is illustrated 
by discussion of three specific transistor structural types that are cur- 
rently in production, or undergoing final development: 


a) A p-n-p transistor intended for low-cost, high-volume production, 
b) a p-n-p transistor designed to withstand extremely severe mechan- 
ical treatment, and 


¢) a p-n-p transistor capable of moderate power dissipation without 
an external heat sink. 


Design for Low-Cost, Volume Production. A p-n-p transistor struc- 
ture that is amenable to low-cost, high-volume production is pictured in 
Vig. 12, This design permits the alloying of both transistor junctions 
and the formation of all three contacts in a single oven cycle. Thus, 
with completion of this single oven pass, the only processing required 
prior to encapsulation is the welding of the transistor element connections 
to the proper header terminals and the final etching and surface treat- 
ment of the device, 


The subtleties of this structure lie in its metallurgical principles, The 
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temperature cycle used in the fabrication of the assembly is dictated pri- 
marily by the requirements of junction preparation and is, therefore, a 
typical p-n-p process. The collector and emitter lead piece-parts are 
prepared from 6 mils diameter nickel wire by cold heading the end of 
the cut length of the wire that is to be attached to the emitter and col- 
lector contacts. The base connection is a 5 mils thick Kovar piece- 
part plated with about 90 mg/in.? 
of gold and flashed with anti- 
mony. The assembly is formed by 
heating the jigged parts to about 
550°C in a nitrogen atmosphere; 
the jigging fixture orients the 
parts relative to each other dur- 
ing the operation. During the 
preparation of transistor junc- 
tions, the germanium and the 
doped gold plating of the base 
alloy to form the ohmic base con- 
tact, and the nickel leads alloy to 
the emitter and collector contacts. 
Nickel and gold were chosen for 
connections, not only because 
they form suitable alloys with the 
Fic. 19 Low power p-n-p transistor proper parts of the transistor ele- 
structure designed to withstand severe ment, but also because they are 
mechanical treatment. resistant to the acid solutions used 
in final etching of the device. 

The single-cycle alloy and electrode attachment process eliminates 
several time-consuming attachment operations, yet the procedure has 
certain limitations. The thickness of gold plating used on the base piece- 
part must be carefully controlled to prevent excessive solution of ger- 
manium and the attendant reduction in thickness of the wafer near the 
base contact. The many requirements on alloy boat design imposed by 
the fabrication of the six-part assembly make the control of the size and 
concentricity of alloyed electrodes difficult. Because etching operations 
are performed only on the completed transistor subassembly, detrimental 
selective chemical attack at the various element connections can occur. 
A single-cycle assembly process using the materials discussed above is 
workable only near the temperatures used in alloying p-n-p transistors. 
At higher temperatures, typical of those used in the preparation of n-p-n 
alloy devices, the solution of the various metals of the assembly in each 





other becomes so great that it is not possible to maintain control of the 


various metallurgical systems of the assembly processes. 


Mechanically Rugged Structural Design. A p-n-p transistor designed 
to withstand severe mechanical treatment is depicted in Fig. 19. Tran- 
sistors of this design successfully withstand accelerations in a centrifuge 
as high as 100,000 g. 
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Although the electrical characteristics required of this device are 
similar to those for the design discussed above, structure and fabrica- 
tion techniques are quite different. In the ruggedized transistor, all con- 
tacts are alloyed but, because careful control of the amount of alloying 
at each contact is required for maximum mechanical strength, each con- 





Fic. 20 p-n-p structure intended for moderate power dissipation without. ex- 
ternal heat sink. 


tact is prepared individually. The mass of all structural members has 
been minimized. Static loading of the semiconductor wafer has also 
been minimized by decreasing the inside diameter of the base contact, 
by using soft 2 mil diameter platinum wire for emitter and collector 
connections and by minimizing the mass of emitter and collector pellets. 

A tin-germanium alloy, rather than a gold-germanium alloy, is formed 
at the base contact of the ruggedized transistor in order to reduce. the 
residual stresses incurred in the semiconductor by the base connection. 
The eutectic temperature of the germanium-tin system occurs approxi- 
mately 120°C lower than that for gold-germanium; thus the stress pro- 
duced due to differential contractions during cooling is reduced. In 
addition, the tin base coating immediately adjacent to the attachment 
alloy can be annealed subsequent to formation of the contact. 


Structural Design for Moderate Power Dissipation. Fig. 20 pictures 
the final example of specialized structural design, a high speed p-n-p 
transistor intended for moderate power handling capability without an 
external heat sink. 

This device was designed to dissipate one watt of power in free air at 
room temperature. Since the device was designed to be mounted on a 
printed wiring card in close proximity to other heat-generating devices, the 
major structural consideration was the provision of an integral heat dissi- 
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pator. A solution to the problem was provided by fabricating the header 
and envelope from copper and welding these two parts together in the final 
assembly operation. The collector contact of the transistor element is 
mounted directly on a pedestal on the header to provide a good conduc- 
tion path for heat, generated at the collector junction, to flow to the 
built-in heat-dissipating surfaces of the enclosure. The mass of the base 
contact in the design has been reduced to a practical minimum because 
the major share of its support is provided by the semiconductor wafer. 


GENERAL RESULTS, DEVICE CHARACTERISTICS 


Results pertaining to specific design objectives have been presented, 
and certain processes stressed to illustrate principles involved in process 
control. Now parts of the design theory presented elsewhere (Ref. 8) 
will be reviewed in order to relate the theoretically predicted device 
parameters to those achieved in practical manufacturing processes. A 
variety of transistor types will be discussed. The parameter of interest, 
however, is selected to illustrate the general applicability of the design 
theory to all alloy transistor types. We shall use an engineering ap- 
proach and make simplifying assumptions when required. 

The theoretical current through a p-n junction is given by the fol- 
lowing expression (Ref. 9): 


I = I,(e”/*" — 1), (1) 


where V is positive for forward current. The equation contains a “‘satura- 
tion current,” which is determined by several material parameters: 


we _ i _or 
q (1+6)%?LLp Ly 


Equation (2) is valid only for an isolated p-n junction in which the material 
is uniform to a distance equal to several life paths on each side of the 
junction. An equation for collector saturation current applicable to tran- 
sistor geometry, assuming the collector larger than the emitter, has been 
derived (Ref. 10): 


=A (2) 


_ kT ppbte 2a oe) 
qei*(1 + b)? 


nN 2n? 
where a = collector radius, 
c = emitter radius, 
b = mobility ratio, ue/u, in the base region, 


(3) 


cs 


tD 
and A= ./—, 
2s 


where ¢ = wafer thickness, 
D = diffusion constant for minority carriers in base region, 
4 = surface recombination velocity, 
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After making the following substitutions (using consistent units) for a 
medium-power p-n-p alloy transistor: 


a = 20.7 mils (average value of measurements on several cross-sec- 
tioned samples), 


c = 15.0 mils (average value of measurements on several cross-sec- 
tioned samples), 
t = 2.5 mils, 
pp = 2.3 ohm-cm, 
p; = 47 ohm-cm, 
s = assumed 300 cm/sec, 


= 2.15 (Ref. 11), 
Dy = 46 cm? sec (Ref. 11), 


a calculation shows that J,, = 0.83 uA for the center of the resistivity 
range (1.8-2.8 ohm-cm). A distribution of J,, for 163 units of this design 
taken consecutively from the production line indicates a median value of 
1.45 wA and 10th and 90th percentiles of 0.92 uA and 2.40 uA respectively. 

In (2) and (3), the terms controlling the temperature dependence of 
saturation current are 7, pg and p;, where pg varies as 7” and p,” varies 
as exp (qV,/kT). The temperature dependence of s has been ignored. 
Therefore: 

Teg(T) ~ TT eV e!*T = TQ —AV gh kD 


V,, the energy gap, is also a function of temperature; this relationship may 

be expressed M + NT, where M and N are experimentally determined 

constants. By taking the logarithm and derivative with respect to tem- 

perature we obtain the actual slope in per cent change/degree centigrade: 
d(la I¢s) 1 dI¢s 5 qM 


dT Ie dT 27 | kT? 


Calculations at three temperatures, using Vg = 0.785 — 0.00037 (Ref. 1), 
give the following slopes: 








t = 27°C slope = 10.9%/°C 
50°C 9.5%/°C 
77°C 8.2% /°C. 


Fig. 21 is a plot of I,, vs temperature for a typical n-p-n alloy medium- 
power transistor. As indicated on the graph, the actual slopes at the 
three temperatures listed closely correspond to the calculated slopes. 
Body Voltage Breakdown has been shown to be ordinarily an ava- 
lanche process (Ref. 12). In many alloy transistor designs a surface 
breakdown is reached before body breakdown, and this effect limits the 
maximum voltage that can be supported across a junction, There is 
evidence that surface breakdown also may occur as an avalanche 
process. In general, for alloy transistors, the magnitude of the break- 
down voltage is proportional to the resistivity of the lightly doped base 
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side of the step junction. Fig. 16 illustrates the effect of base resistivity 
on the breakdown voltage of many p-n-p small-area alloy units and 
shows that the breakdown voltages achieved are still considerably less 
than calculated body breakdown voltages. 

In the case of step junctions, which are usually obtained in the alloy 
process, the expression for the depletion layer capacitance of a heavily 
doped collector or emitter junction is (Ref. 13)- 


N7\” 
C=84X 10+ (=) puf/cm?, (4) 
t 

where N; = |Np — Na| is the net impurity density in the base region in 
number/cm’, and V is the total reverse junction bias = Vo + |V ap- 
plied|(V» = 0.35 v for typical germanium alloy junction). For an n-p-n 
transistor having a collector junction diameter of 40 mils and a base 
resistivity varying from 3-4 ohm-cm the calculated range of collector 
capacitance, measured at 4.5 v, is 37-44 wwf. Good agreement with these 
calculated values is indicated by the collector junction capacitances of 
actual n-p-n transistors of this type. Measurements on 104 such devices 
form a distribution with 10, 50, and 90 percentiles of 35, 38, and 42 pyf, 
respectively. 

Transistor parameters which depend, to a large extent, upon base-layer 
thickness are current gain (A,,) frequency cutoff of hy, reach-through 
voltage, and emitter floating potential. If one assumes perfect concen- 
tricity of parallel circular emitter and collector junctions, and also close 
spacing between a relatively large-area collector and a small-area emitter, 
the expression for low-voltage hy, is (Ref. 14): 


hyp = a*By, (5) 


where a* = intrinsic collector efficiency = 1.0 for alloy junction transistors 
at low voltage, 


B = 1 — W?/2L,” = transport efficiency, (6) 
1 
and = y = ———— = emitter efficiency, (7) 
oB 
1+—— 
oz Lz 


where W = base layer thickness, L = diffusion length for minority car- 
riers, and o = conductivity. A small, randomly picked group of medium- 
power high-frequency p-n-p’s was measured for hyp and effective junction 
lifetime. The calculated nominal hs, for these units was 0.999, using the 
following nominal values of material and structure parameters: 


TR = 9 usec, 
W = 0.62 mil, 
pa = 2.3 ohm-cm 
only = 0.6 ohm™ (assumed, see Ref, 16, p, 151) 





Chapter 7: ALLOYING 


Fic. 21 Temperature dependence of saturation current. 
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Fic, 22 Small-signal alpha distribution, 
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The measured values of hy» are plotted as a cumulative distribution in 
Fig. 22 and show a median value of 0.998. 

For low voltages and currents the frequency cutoff of hyp (given by Ref. 
13) is 


A 
fas = yam with W in mils, (8) 


where A is shown in Fig. 23 (repeated from Ref. 13). 
Using (8) the calculated nominal value of f., (2 ma, — 10 v) for a medium- 
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Fic. 23 Resistivity, capacitance (at 10 v) per unit area, breakdown voltage, and 
frequency cutoff factors vs density of impurity centers for germanium. 


power p-n-p transistor design is 5.8 mc. The distribution of fa, (2 ma, 
—10 v) for a randomly selected group of 100 of these transistors indicated 
a median value of 5.7 me, with 10 and 90 percentiles of 3.7 and 7.0 me, 
respectively. Since the effective base-layer thickness, W, decreases for in- 
creasing collector bias voltage, we would expect an increase in fay as voltage 
is increased, A plot of this variation is shown in Fig, 24 for a particular 
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medium-power p-n-p transistor. The value of fa, (2 ma, —10 v) calcu- 
lated above includes correction, based on Fig. 25, for a voltage shift from 
—2 v (“low voltage’) to —10 v. 

In alloy transistors, most of the collector depletion-layer widening with 
voltage occurs in the base region. Therefore, electrical reach-through can 
be simply related to the base properties (Ref. 13): 


Vrr = 3.7 X 10-8 N,W?, (9) 
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Fic. 24 Dependence of frequency cutoff of alpha on collector voltage, medium 
power p-n-p alloy. 


where W is the base layer width in mils and N; = |Np — Na| is the net 
impurity atom density in the base region in number/cm*. Departures 
from the calculated level of reach-through voltages can be generally 
attributed to three causes: (1) material defects, (2) misorientation, and 
(3) non-uniform wetting. For example, a distribution of reach-through 
voltages is shown in Fig. 25 for over 300 units of the p-n-p medium-power 
high-speed type. Using the nominal resistivity value of 2.3 ohm-cm and 
average W of 0.62 mil (obtained by sample cross-sectioning), Ver = 102 v 
is obtained as the theoretical value. For the highest resistivity of 2.8 
ohm-em, and the lowest expected W of 0.5 mil, the result is Ver = 57 v. 
The distribution shows values of Vpr (defined as the Vox at which Vary = 
0.25 v) all the way down to 24 v, These low values are undoubtedly 
caused by local alloy penetration, due to defects in the germanium, since 
the wafer orientation was held to the <1;1;1> plane + 0,5° and cross- 
section samples show smooth wetting. Above a value of about 50 v, the 
phenomenon of collector breakdown begins to ocour before reach-through, 
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Fic. 25 Reach-through voltage, medium-power, high-speed p-n-p. 


preventing determination of the median Vr, although it must be some- 
where above the median BV ggg of 70 v. 

Emitter floating potential is related to the hy, of a transistor by (Ref. 
14): 


kT 
Vupr == te (1 + hyp). (10) 


For a small-area p-n-p alloy transistor, calculations of emitter floating 
potential at the 5th percentile, median, and 95th percentile of the alpha 
distribution check closely with the measured floating potentials at the 5 
per cent, median and 95 per cent points of the Vggr distribution: 











hyp measured 
Vurr calculated 
Vener measured 


0,180 
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For the alloy transistor shown in Fig. 26, an expression for base resistance 
is given by Ref. 13: 


lem tam" C)tameQl a 
n= SS n|{— n\{—]]- 
‘ “3 8rW, 2rWo Ty 2rW3 T2 


Base resistance varies considerably with variations in current distribu- 
tion within the base region. The contribution of the last term is readily 
evaluated by measuring the resistance of the forward-biased emitter 
or collector-to-base diode at a current high enough to make the junction 
resistance negligible. Ebers and Miller (Ref. 8, pp. 271-289) have indi- 











Fic. 26 Pictorial representation of symbols used in equations (11) and (12). 


cated that modulation of base-layer conductance at high current densities 
causes the first term in (11) to become negligible. If, in addition, the col- 
lector is open-circuited during the measurement of emitter-to-base forward 
resistance, the second term of (11) (asymmetry term) can also be neg- 
lected. This action is valid because the open-circuited collector collects 
the injected carriers and re-emits them at its periphery. Thus, the prox- 
imity of the collector junction to the emitter provides a low resistance 
shunt to minimize the effects of asymmetry on the measured base resist- 
ance. The resultant equation: 


PB 3 

Th onW, In (“) (12) 
yields computed values which are in good agreement with the de values 
of r, determined from the forward resistance between the emitter and the 
base terminals. Distributions of these de values of forward emitter 
resistance at medium values of current for two device geometries indicate, 
in the first instance a median of 21.5 ohms (compared with a calculated 
nominal value of 22.5 ohms), and in the second case a median value of 40 
ohms (calculated nominal value 39.8 ohms). Both distributions are 
tight around these observed medians. Care in interpreting these results 
for small signal applications is necessary, however, since base resistance 
displays a sharp functional dependence on operating point. This depend- 
ones has been indicated in the approximations made for the calculations 
above, 
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RESULTS, DEVICE RELIABILITY 


The discussion of etching and surface treatments above has indicated 
the important role played by surface chemistry in establishing the initial 
device parameters. If the active transistor element is provided with 
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Fic. 27 Aging characteristics of untreated p-n diodes. 


adequate encapsulation, then long life should be assured. This is the 
case in the large percentage of devices fabricated. Unfortunately, a small 
percentage of units fail even when processed with the most meticulous 
fabrication techniques. We will now discuss the results of some ex- 
periments designed to eliminate this small percentage of failures, As 
noted earlier only experiments which appear to define the principles 
which affect device reliability will be deseribed, 
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Surrace Errects. The effects of gaseous ambients such as water vapor 
and oxygen on alloy transistor parameters have been measured and re- 
ported by Kleimack and Wahl (Ref. 15). These effects are interpreted in 
terms of the changes produced by the gases in ¢,, the surface potential. 
Buck and Brattain (Ref. 4) have shown that the surface recombination 
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Fic. 28 Aging characteristics of oxidized p-n diodes. 


velocity (SRV) may also be varied by means of chemical treatments. 
These usually involve germanium oxidizing agents to achieve low SRV 
and germanium oxide solvents to produce high SRV. If one refers to the 
relationship between ¢, and SRV reported by Garrett and Brattain (Ref. 
6), it is shown that the problem of stabilizing SRV is reduced to one of 
maintaining constant ¢,. Thus, one means of preventing device aging is 
to provide a ¢, which is as high as is consistent with initial device char- 
acteristics. Then variations in surface charge induced by chemical con- 
taminants, gaseous environments, or chemical changes on the surface are 
proportionately smaller, resulting in partial surface “passivation,” 

As shown earlier, oxidation either by a wet chemical or by heating in 
oxygen is one technique whereby the surface potential may be increased, 
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Figs. 27 and 28 show that a treatment calculated to increase surface oxi- 
dation does improve transistor reliability. These p-n-p transistors were 
fabricated at the same time, etched, washed and dried, and then ran- 
domized into two groups of six. One group was oxidized by means of 
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Fic. 29 Aging characteristics of p-n junctions encapsulated with 4 impregnants. 


washing in 90°C air-saturated water. Subsequent to this, both groups 
were canned in dry air (<1% RH) and placed on 45 v reverse bias at 
85°C. The lightly oxidized units, Fig. 27, show significantly higher failure 
rate than the heavily oxidized group, Fig. 28. 

This brief section on surface treatments is intended only to emphasize 
an area where the possibility for improving semiconductor device relia- 
bility shows great promise. Ultimately a means for controlling ¢, other 
than oxidation should become available as this area is explored and 
exploited. 


ArmospHeres, Atmospheres used for filling transistor enclosures fall 
into either the inert or active category, Such inert atmospheres as nitro- 
gen, argon, silicone oil, and vacuum have been used principally with the 
objective of preserving the surface potential established during the etch- 
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ing and surface treatments. Oxidizing atmospheres such as oxygen, air 
or red lead glimp have been used to capitalize on the beneficial effects of 
increased surface potential. 

Fig. 29 shows the relative merits and disadvantages associated with 
four of the more commonly used atmospheres. This group of p-n-p 
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Fia. 30 Aging of oxidized milliwatt class alloy n-p-n transistors. 


transistors was processed to encapsulation, randomized and filled as 
denoted in the figure. The red lead glimp-filled units age satisfactorily at 
room temperature and 85°C. However, the characteristics deteriorate 
rapidly under reverse bias. This is due to ion migration in the impreg- 
nant near the active portions of the junction under the influence of the 
applied field, Removal or reversal of the bias results in the recovery of 
the original characteristics of the transistor, 

The nitrogen and air-filled units age well with a slight preference in 
this respect apparent for the air-filled unite, This superiority of air or 
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oxygen filling over nitrogen is repeated in Fig. 30. In this case the com- 
parision is made between oxidized n-p-n alloy transistors filled with air 
and nitrogen respectively. A significant improvement in long-term ele- 
vated temperature aging behavior is shown for the air-filled units. This 
again suggests the importance of creating and maintaining high surface 
potential in both n-p-n and p-n-p alloy transistors. 

An indication of the importance of controlling contamination for tran- 
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Fig. 31 Aging of milliwatt n-p-n alloy transistors. 


sistor reliability can best be illustrated by a comparison of the aging of 
vacuum baked n-p-n alloy transistors fabricated with and without the use 
of “getters.” Fig. 31 shows the aging of the median saturation currents 
of two groups of vacuum-baked n-p-n transistors. The open circle curves 
denote the aging of vacuum-baked units without a “getter,” the solid cir- 
cle curves the units that were filled with 2-mil-diameter glass beads and 
vacuum baked. It is presumed that the improved aging characteristics 
of the three latter curves is due to the “gettering” action of the large glass 
area in the transistor enclosure. Impurities given off during the vacuum 
“pinch-off” or released from the walls of the units or from small leaks 
are thus adsorbed and prevented from reaching the active junction regions. 

Some success in improving transistor moisture resistance has been 
achieved by including desiceants in the enclosure, However, the best 
insurance against moisture effects undoubtedly is a vacuumetight en- 
closure, 
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CONCLUSION 


This article has emphasized that the completion of design theory and 
the successful demonstration of device feasibility is only the starting 
point in the production of an electronic device typified by the alloy june- 
tion transistor. A myriad of engineering and fabrication details must be 
understood and provided for before a successful design is achieved. Subtle 
changes in design may require a review of parts of (or the entire) fabrica- 
tion procedure. 

A transistor element which exhibits performance parameters which are 
in exact agreement with the predictions of design theory is, in fact, useless 
if its characteristics are not made accessible to the user in a convenient 
package which will complement its performance and insure the uniformity 
and stability of such performance. 


APPENDIX I 


Let us consider a transistor element with the geometry as illustrated in 
Fig. 2, in which both collector and emitter electrodes as well as their 
contacts are right cylinders (Ref. 1). In this discussion it will be as- 
sumed that the effects of non-uniform wetting and germanium disloca- 
tions can be ignored and that the orientation of the crystallographic 
planes is proper. The following notation will be used: 


. ¢ = Germanium wafer thickness 

D = Electrode depth 

L = Avogadro’s number 

rs = Radius of spherical pellet 

ry = Radius of cylindrical contact 
Nge = Number of germanium atoms in solution 

T = Peak alloying temperature 

A = Electrode area 

H = Contact height 

M = Molecular weight 

p = Mass density 
F = Atomic fraction of germanium in solution 
Neot = Number of atoms of pellet material in solution. 


Where c and e appear as subscripts they refer to the collector and emit- 
ter respectively. 


The base-layer spacing, W, is defined as follows: 
W=t-—(D.+D,), (13) 


AW = At — (AD, + AD,). 


and hence 


For a given alloying material, an expression of the following form may 
be written; 


D = fH, 1), (14) 
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Strictly speaking, the electrode depth is dependent upon the alloying 
temperature, mass of alloying material and junction shape. In this case, 
we are fixing the electrode and contact shape so that the mass and height 
of the contact can be directly related. An expression for this function 
can be obtained directly from a metallurgical phase diagram for the 
system under consideration. The diagrams for the germanium-indium 
(p-n-p) and germanium-lead (n-p-n) systems are presented in Fig. 5. 
From (13) and (14) it follows that 


0 c 0 c 0, e 0 e 
yf AH, — as AT, — f AH, — Bile AT. (15) 
HH, oT. 0H, oT. 


AW = At — 











From the phase diagrams, the atomic fraction of germanium which can be 
dissolved by a given mass of the pellet material can be deduced. Thus, we 
have 





Nee F(T) N ge 
F(T) = ————__ or Q(T) = ———— = . (16) 
Nee + Noo 1 — F(T) N01 
But for either junction: 
, LDA pge LH Apso 
Nye = —— and Noo = —— 
Mee M 01 
Substituting these expressions into (16) and solving for D we have: 
M e iO 
pee enn. (17) 


sol Pge 


Comparing this expression with (14) we find 


f(T) = Kg(T)H (18) 
where 
K= Mee Poot 
M 501 Pge 


Substituting (18) into (15) we obtain: 
6g(T’) 
AW = At — Kg(T.) AH, — KH, AT, 
aT Te 


6g(T) 
— Kg(T.) MH. — KH. |“ a | ate (19) 


Finally, let us assume that the original shape of the alloy pellet was spheri- 


cal. Thus, we can relate the radius of this sphere to the radius and height 
of the alloyed contact. 


8 
He ak (20) 
Bry 
8o that 
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4r,? 8r,2 


AH = =o Ar, = 37.3 Ary. (21) 


Ty y 
Substituting this expression into (19) we get: 


09(T 0g(T 
AW = At — KH, | at | AT, — KH, ES AT, 
oT Te oT Te 


SKrgo° c Kies 


Tage oat ahi 








~~ 4K oT.) 5 = Ars c ~ AKT) 5 = Ars e (22) 


APPENDIX II 








Variable Range 
i. 3.0 mils +0.06 mil 
Tx 6 13.5 mils +0.3 mil 
Ts,e 11.5 mils +0.3 mil 
ty 6 17.5 mils +0.5 mil 
Tye 12.5 mils +0.5 mil 
T'; 525°C +5°C 
T, 475°C +5°C 
K (for indium) 0.87 
g(T) at T= T, 0.12 
g(T) at T= T, 0.07 
oo at T=T,| 1.09 X 10-* per °C 
70 at T = T; 0.61 X 107% per °C 
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7B. SILICON p-n JUNCTION ALLOY DIODES * 


G. L. PEARSON AND B. SAWYER 


A new type of p-n junction silicon diode has been prepared by alloying 
acceptor or donor impurities with n- or p-type silicon. The unique features 
of this diode are: (a) reverse currents as low as 10-1" amp, (b) recttfi- 
cation ratios as high as 108 at 1 volt, (c) a Zener characteristic in which 
d(log I) /d(log V) may be as high as 1500 over several decades of current, 
(d) a stable Zener voltage which may be fixed in the production process 
at values between 3 and 1000 volts, and (e) ability to operate at ambient 
temperatures as high as 300°C. 


INTRODUCTION 


Silicon point-contact diodes (Ref. 1) were developed some years ago 
for use in microwave radar receivers and are now in large-scale commer- 
cial production. This paper describes the preparation and properties of a 
new type of silicon diode, namely, the p-n junction diode prepared by 
alloying (Ref. 2). The unique features of this unit are: (a) extremely 
low reverse currents (of the order of 10-1 amp), (b) large rectification 
ratios (as high as 108 at 1 v), (c) ability to operate at high ambient 
temperatures (rectification ratios as high as 10® at 100°C, 10* at 200°C, 
and 10 at 300°C), (d) a flat Zener characteristic over several decades of 
current (for reverse voltages above a given critical value J = KV" with 
nas high as 1500), and (e) ability to operate usefully at frequencies up 
to 20 me, in contrast to the microwave frequencies for point contacts. 


* Originally published in Proc, 7RE, Vol, 40, Noy, 1952, 

The authors wish to acknowledge the help of G. K, Teal and B, Buehler in supply- 
ing them with silicon crystals of controlled resistivities, of P, W. Foy in making the 
oarly units, and of W, L, Feldmann and J, A, Wenger in taking the data presented, 
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Fig. 1 compares the de current voltage characteristics of a typical com- 
mercial point-contact silicon diode with those of an experimental model 
alloyed silicon p-n junction diode. Many of the unique features of the 
newly developed unit are clearly evident in this plot. 

The growth of single-crystal silicon p-n junctions from a melt has been 
described by Teal and Buehler (Ref. 3). The electrical properties of these 
diodes as reported by McAfee and Pearson (Ref. 4) are quite similar to 
those described in this paper; p-n junction diodes prepared from single- 
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Fic. 1 Current vs voltage characteristics of a commercial silicon point-contact 
diode and a silicon p-n junction diode prepared by alloying. 


crystal germanium as pulled from the melt have been described by Pieten- 
pol (Ref. 5) and germanium p-n junction diodes prepared by a diffusion 
process have been described by Hall and Dunlap (Ref. 6). Both types 
of germanium diodes have many useful properties, but the silicon units 
described here have many advantages which may be accounted for in 
part by the wider energy gap in silicon (1.12 ev as compared to 0.75 ev in 
germanium). In particular, silicon diodes have lower reverse currents, 
higher rectification ratios, and can operate at much higher ambient 
temperatures. 


PREPARATION OF SILICON p-n JUNCTIONS BY ALLOYING 


The p-n junctions are prepared by alloying donor- and acceptor-type 
electrodes to a homogeneous silicon crystal of either n or p type (for the 
present discussion we will assume an n-type crystal), The electrodes can 
be attached to the silicon crystal by heating the crystal and then bringing 
it in contact with the metals to which it will alloy, A large variety of 
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metals may be alloyed in this manner; but to prepare a p-n junction diode 
from n-type silicon we choose a metal such as aluminum from the third 
column of the periodic table. We believe that the p-n junction is grown 
by deposition from the molten-alloy phase during the cooling cycle and is 
situated at the interface between the unmelted silicon and the frozen-out 
primary solid solution. To form an ohmic or base contact, one should 
use a metal other than one from the third column of the periodic table. 





Fic. 2. Photograph of silicon diodes. (a) A commercial point-contact unit. (b) 
and (c) Developmental models of p-n junction diodes prepared by al- 
loying. 


Fig. 2 is a photograph of three silicon diodes. The unit on the left is 
a commercial point-contact unit manufactured by the Western Electric 
Company. The other two are alloyed p-n junctions. The unit in the 
center has wire electrodes and the one on the right is thermally coupled 
to a metal fin to permit greater heat dissipation. 


THEORY OF THE STEP p-n JUNCTION DIODE 


The theory of p-n junctions in semiconductors as developed by Shock- 
ley (Ref. 7) may be applied to alloyed silicon diodes, The current-volt- 
age characteristic at not too high voltages in either direction is given by 


I = Ig(e-V/" — 1), (1) 
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where J is the current in amperes per cm?, V is the voltage across the 
junction (plus for current in the forward direction and minus in the re- 
verse), q is the electronic charge, k is Boltzmann’s constant, T' is the abso- 
lute temperature, and Jo is a constant determined by the properties of the 
silicon. It is found that (1) is correct for forward currents in silicon p-n 
junctions, but that the reverse currents do not saturate as expected. This 
has led McAfee to suggest (Ref. 4) that because of the short lifetimes of 
the minority carriers in silicon, the reverse current due to carriers gener- 
ated by traps within the space-charge region is greater than the saturation 
current of minority carriers diffusing into the space-charge region. This 
trap reverse current is proportional to the width of the space-charge 
region. 

For units made from n-type silicon, the impurity concentrations are 
step functions (in the sense that the change from p to n type takes place 
abruptly within the space-charge layer) so that Poisson’s equation be- 
comes 

0°V /dx? = 4rqNo/K, (2) 


where Ny is the density of excess donor impurities in the silicon crystal 
and K the dielectric constant (= 12.1 for silicon). The solution of (2) 
indicates that, for reverse biases, the width of the space-charge region is 
proportional to the square root of the voltage and hence the capacitance 
of the junction is inversely proportional to the square root of the voltage. 
Fig. 3 is a plot of capacitance as a function of reverse bias obtained on a 
p-n junction prepared from 0.6-ohm cm n-type silicon by the methods de- 
scribed above. The open circles are experimental points, and they show 
that for reverse biases above 2 v the relationship is ‘an inverse square law, 
as predicted by theory. At low voltages the points fall below the theoreti- 
cal line because of a built-in voltage at the junction of the opposite polar- 
ity. If 0.75 v are added to each experimental point, the solid circles are 
obtained and they continue on the square-law line. This, of course, is a 
measure of the built-in voltage at the p-n junction and agrees with the 
theoretical calculation for 0.6 ohm-cm silicon (Ref. 8). The Zener voltage 
of this junction was 21.5 v and is indicated by the horizontal line. The 
maximum field at this voltage is 250,000 v/cm and is in fair agreement 
with Shockley’s extension (Ref. 9) of the formulas derived by Zener for 
the field at which tunneling between the valence and the conduction bands 
takes place. The measured value of d(log I) /d(log V) in the Zener re- 
gion, as shown in the following section, is much higher than the theoretical 
prediction (Ref. 9), and is not yet understood. 

In Fig. 3 the dotted lines, obtained from theory, indicate the capacitance 
of alloy diodes prepared from n-type silicon of various resistivities. Since 
the critical Zener field is a constant for any resistivity material, the Zener 
voltage is directly proportional to the resistivity and is given by the inter- 
section of the constant p lines with the Zener field line. For n-type silicon, 
theory indicates that the Zener voltage is 39 times the resistivity p in 
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ohm-cm and that for p-type material the multiplying factor is 8. The 
scale at the top of Fig. 3 indicates the width of the p-n junction space- 
charge layer as a function of capacitance. 


BARRIER WIDTH IN CENTIMETERS 
10-3 10-4 1o-5 10-6 


100 











REVERSED BIAS IN VOLTS 


104 
CAPACITANCE IN MICROMICROFARADS PER CM2 


Fic. 3 Capacitance vs voltage characteristic for an alloyed silicon p-n junction. 
A dielectric constant of 12.1 and an electron mobility of 1,200 are as- 
sumed. 


ELECTRICAL PROPERTIES 


Fig. 4 is a log plot of the current-voltage relationships of two repre- 
sentative silicon junction diodes made by alloying. The junction areas 
of these units are estimated at 0.001 cm®. The reverse characteristics 
show very low currents of the order of 10-® amp, and then an abrupt 
transition to the Zener behavior wherein the current increases at very 
nearly constant voltage over as many as six decades. The ac impedance 
changes from many megohms to values of from ten to a few hundred 
ohms, d(log I) /d(log V) having values as large as 1500. The Zener volt- 
ages of the units shown are at about 40 and 800 v. The forward charac- 
teristics are also shown, making it easy to calculate the rectification 
ratios at 1 v as about 107 and 10°, Possible reasons for the differences 
between these units will be discussed in the next section under the heading 
Design Theory, 

Fig. 4 demonstrates evidence of the low reverse currents, high rectifica- 
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tion ratios, and flat Zener characteristics of silicon p-n junctions. Fig. 5 
shows characteristics of one silicon p-n junction diode at various tempera- 
tures. The greatest variation with temperature is seen to be in the re- 
verse current which increases rapidly with increasing temperatures. Nev- 
ertheless, in this diode the room temperature value of the reverse current 
is so low that, in spite of the rapid thermal increase, it only reaches about 
1 pa at 200°C. Forward current in the diode also increases with increasing 
temperature, but not so rapidly as the reverse. Hence, the rectification 
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Fia. 4 Current vs voltage characteristics of silicon p-n junction diodes. A linear 
relationship between Zener voltage and silicon resistivity is shown. 


ratio at 1 v for this diode decreases from about 10° at room temperature 
to about 104 at 200°C. 

The thermal effect on the Zener voltage cannot be seen in Fig. 5. Hence 
lig. 6, a semilog plot of the same data arranged to magnify the region 
around 34 v, is included. Here it can be seen that the Zener voltage in- 
creases slowly with increasing temperature. Fig. 7 shows that the Zener 
voltage (taken arbitrarily as the voltage necessary to cause 1 ya to flow) 
varies linearly with temperature, and from this it can be determined 
that the change is at the rate of 0.084 per cent per °C, within the same 
order of magnitude as the value of 0.01 per cent per °C quoted for a VR75 
clectron tube. 

The maximum power dissipation in units presently made is from 0.2 to 
0.5 watt [viz., Fig. 2(b) and (c)], depending on the junction area and on 
the amount of provision for removal of heat. The high-frequency cutoff 
in units presently made ranges from about 1 to 20 me, depending on the 
capacitance in the junction, 

A discussion of the electrical properties of silicon junction diodes would 
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Fic. 5 Current vs voltage characteristics of a silicon p-n junction diode at vari- 
ous ambient temperatures. 
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Fic. 7 Zener voltage vs ambient temperature for a silicon p-n junction. Cur- 
rent held constant at 1X 10—® amp. 


not be complete without some mention of the chief defects present in some 
units as presently made. These are two in number and might be called 
noise at the Zener knee and “softness” of the reverse characteristic, or a 
lack of saturation of the reverse current, as shown in Fig. 8. The noise 
is a phenomenon varying widely from unit to unit, and apparently not in- 
herent in silicon junctions since some units had no noise detectable with 
an instrument sensitive to 1 my. On the other hand, some noisy units 
produced peaks of noise as high as 3 v (in addition to the Zener voltage). 
The noise is almost always limited to the low current region of the Zener 
characteristic, sometimes appear to be “clipped” at a fixed voltage, is gen- 
erally white, and, in some units, is temperature dependent. Noise prop- 
erties vary so much from unit to unit that many details of behavior in any 
one unit have not been considered significant. There is evidence that 
noise in some units may be associated with mechanical cracks at the 
junction. 

“Softness” of the reverse characteristic means an unusual increase in 
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lia, 8 Current-voltage oscilloscope traces of silicon p-n junction diodes show- 
ing: (a) typical good characteristic; (b) noise at the Zener knee; (¢) 
softnows of reverse characteriatic, 
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the reverse current before the true Zener voltage is reached. This defect 
can also vary widely from unit to unit, and is sometimes improved after 
the units have been heated during testing. This defect may be due to 
leakage conduction around the junction, to minority carrier emission in 
an ohmic contact, or to various kinds of crystal lattice defects in the 
junction itself. 


DESIGN THEORY 


The design theory of silicon junction diodes is still in an early stage of 
development. Nevertheless, some remarks are possible largely on the 
basis of step p-n junction theory. 

Probably the most interesting dependent variable to be fixed in design- 
ing a silicon junction diode is the Zener voltage. Theoretically, this volt- 
age should be the voltage just sufficient to bring the maximum electric field 
within the junction region to the critical value of 250,000 v/cm. Thus 
the relationship of the electric field inside the junction to the reverse 
voltage applied externally is critical in determining the Zener voltage for 
that unit. For the case of a “step” junction, wherein the transition from 
n-type to p-type silicon is abrupt, the relationship should depend only on 
the resistivities on each side of the junction so that the expected equation 
for Zener voltage becomes 


Vz = 39pn + 8pp. (3) 


In the alloy junction cases, the resistivity of the alloy doped side of 
the junction is negligible compared to the other, and that term in the 
equation drops out, leaving the theoretical Zener voltage to be a linear 
function of the initial silicon resistivity alone. 

The relationship for n-type silicon with an alloy bearing p-dope, 
Vz, = 39pn, has been experimentally tested. The general trend predicted 
is present as exemplified by the two diodes in Fig. 4; but when a plot of 
Vz versus p, is made, the points scatter, indicating that some other factors 
besides p must be affecting Vz. 

Nevertheless, fairly good reproducibility of Vz is attainable, as evi- 
denced by an experiment in which 12 alloy units were made from one slice 
of silicon (p, = 0.5) under controlled conditions. The Zener voltages of 
all units were within the range of 20 + 0.5 v or +2.5 per cent. 

Another important variable to control is the reverse current. This 
should vary directly with the number of traps in the space-charge region 
(or with the inverse square root of the lifetimes of minority carriers). 


The factors leading to “softness” of the reverse characteristic mentioned — 


above may cause spurious increases in the reverse current. 

The geometry of the junction diode can have an important bearing on 
some properties. The area of the junction itself is especially important 
in that all of the currents through the junction, forward, reverse, and 
Zener, will vary in proportion to this area, Unfortunately, the capaci- 
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tance of the junction which must be minimized if high-frequency service 
is desired will also vary in proportion to the junction area. 

A series resistance due to the bulk silicon resistivity may become ap- 
preciable compared to the forward and Zener resistances of the junction 
especially when resistivities are high. This is controlled by the areas of 
the ohmic contacts, their distances from the junction, and by the silicon 
resistivities. 

Even though development work is still in an early stage, and the pres- 
ent picture of silicon junction diodes is a preliminary one, the data at 
hand suggest that there should be many uses for these diodes. They will 
probably fall under the general headings of rectifiers, voltage regulators 
switches, and photodiodes. 
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ADDENDUM 


Since 1952, when the preceding article was published, silicon alloy junc- 
tion diodes have well fulfilled the promise indicated by the exploratory 
work reported there. In 1956 they were in manufacture by approximately 
15 companies in the United States, and about half as many more through- 
out the rest of the world. The designs in manufacture ranged in junction 
area from approximately 10-°® cm?, in a device whose total capacitance 
was about 0.8 wyf at 0 bias, and which was capable of operation at fre- 
quencies approaching 100 me, to about 1.25 cm?, in a water-cooled power 
rectifier capable of rectifying 300 amp, at only about 300 watts power 
dissipation through the use of conductivity modulation (Ref. 1). The 
alloying techniques in use ranged from the wafer on a strip heater in a 
reducing atmosphere technique (used in the initial investigation described 
above), through oven alloying, to evaporation and alloying in vacuum, 
Mainly, the applications for these diodes have been: many types of rec- 
tiflers, voltage regulators, limiters and clippers, computer switching and 


logic, 
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The theory underlying the behavior of the step p-n junction in these 
diodes has been modified in one respect: the mechanism of breakdown. 
As is described, in detail elsewhere,* the breakdown under reverse bias 
is now believed to be caused by avalanches of carriers released by collisions 
in the high field within the junction region instead of being caused by 
the Zener phenomenon of tunneling from the valence to conduction bands. 
This change of mechanism leads to a prediction of a higher d(log I) /d (log 
V) in the breakdown region, in better agreement with measured values, 
but does not otherwise affect the design theory of the diodes. 

A large body of technology has been accumulated in the course of devel- 
opment of the many varieties of silicon alloy diodes but only limited 
portions appeared in the literature by 1956. A curve relating the ob- 
served breakdown voltage in one design of finished devices to silicon re- 
sistivity is given in Fig. 3 by K. G. McKay.* The problems of 
noise and softness in the breakdown knee still can exist, but they can be 
controlled by minimizing cracks in the structure and contamination of the 
silicon surface. Cracks are minimized by either making the alloy area 
small or by making the alloy coating thin. 

Most of the exploratory work was done on n-type silicon and aluminum 
or aluminum-silicon eutectic metal. This choice of p+n junction seems 
to have been an especially happy one from a surface reliability point of 
view because this combination appears to achieve its maximum stability 
in a dry atmosphere of air or oxygen. 

In general, it can be said (Ref. 2) that the diodes show sensitivity to 
excessive power dissipation and to over-heating in the form of a soften- 
ing of the breakdown knee—not in a catastrophic failure. However, the 
sensitivity to excessive power dissipation is much greater than to over- 
heating even at the same junction temperature; e.g., aging at a power 
dissipation which brings the junction temperature to 200°C will be much 
more severe than idle aging at 200°C. Reliability of good units in opera- 
tion within power ratings appears to be excellent. 
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7C. EVAPORATION AND ALLOYING TO SILICON * 
Js M..COLDEY 


The several aspects of evaporating and alloying to silicon are described. 
Conditions and procedures for processing are presented, and the results 
are discussed from geometrical and electrical viewpoints. 


INTRODUCTION 


The alloy process in semiconductor device technology has been in use 
since 1952 (Ref. 1, 2). The general features of this technique are de- 
scribed elsewhere in this book. Two of the major considerations of any 
alloy technique are the selection of an alloying agent and the selection of 
an alloy process. In choosing an agent and process some of the features 
of importance are that the alloying material be non-strain producing, 
show suitable solubility of the semiconductor, exhibit good wetting, and 
produce proper doping. It is not always possible to attain all of these 
qualities with a single material, and, as a result, alloys consisting of more 
than one element are frequently used. In addition to the selection of a 
material a processing method must also be chosen. Three of the most 
common methods are plating and alloying, button alloying, and evapora- 
tion and alloying. This section deals with the latter process as applied 
to silicon. Although application to germanium is described elsewhere, 
many of the remarks of this paper are applicable to that element also. 

Evaporation as a process offers many advantages. Thin layers of the 
alloy agent are generally applied to the semiconductor; hence the strains 
introduced are considerably less than those incurred by a button alloy. 
The evaporation process is inherently cleaner than most other methods. 
In this process the alloying agent arrives at the semiconductor in an 
atom-by-atom fashion, thus leading to intimate contact which is essential 
to uniform wetting. The evaporation process, with the use of suitable 
jigs and masks, also leads to a control of geometry unattainable by other 
methods. Thus, the evaporation process is highly compatible with diffu- 
sion techniques, while some other types of alloying are not. 

Materials found useful as alloying agents for both silicon and germa- 
nium are aluminum and gold-antimony (0.01-2 weight per cent anti- 
mony). These materials meet most of the specifications listed above for 
good alloying agents. Appropriate phase diagrams are shown in Figs. 
1 and 2, 


* Presented orally before the meeting of the Electrochemical Society, Washington, 
D, C,, May 1957. ; 

In addition to those of his colleagues specifically acknowledged in the text the 
author has drawn on material supplied by J. J, Kleimack, H, H, Loar, and C, D, 
Thurmond to whom he is indebted, He is also indebted to several of his colleagues 
for comments on the manuscript, 
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Fic. 1 Aluminum-silicon phase diagram. (From M. Hansen, Der Aufbau der 
Zweistoffilegierungen, J. Springer, Berlin, 1936, p. 564.) 


FABRICATION 
The evaporation process may be broken down into steps. 


1 PreparaTION or Merau. The metal may be used in several forms. 
Two satisfactory methods involve the use of coiled wire or slugs machined 
from rods. As in all semiconductor work, materials of very high purity 
should be employed. In the case of aluminum a suitable cleaning tech- 
nique consists of a degreasing cycle in trichlorethylene followed by a 
light etch in 10 per cent NaOH. For gold-antimony a degreasing cycle 
alone is satisfactory. The cleaning operations should be performed im- 
mediately prior to loading. 

The amount of metal to be used is dependent upon the thickness of 
layer desired and the geometry of the system, Bond (Ref. 3) has pub- 
lished nomographs showing layer thickness as a function of source size 
and distance from charge to substrate, These nomographs are reproduced 
in Figs, 3 and 4, 


i 
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2 PREPARATION oF Siticon. In many phases of semiconductor tech- 
nology, junctions of a highly planar character are required. This re- 
quires, first of all, that the surface of the semiconductor is an accurately 
oriented (111) plane, in order to take advantage of the well-known tend- 
ency for the solid-liquid interface to lie in this plane during alloying (Ref. 
4). In addition, the semiconductor surface must be flat—conveniently 
accomplished by polishing—so that the surface exhibits a high degree of 
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Fic. 2 Gold-silicon phase diagram. The binary phase diagram is not com- 
pletely accurate when antimony is present in the gold. However, for the 


antimony concentrations considered in the text, the departures from 
this diagram are negligible. (From M. Hansen, op. cit., p. 150.) 


uniformity if the evaporation-alloy is to produce a thin, uniform regrowth 
layer. It is worth while to point out here that a high polish is not neces- 
sary if one is performing deep alloying—regrowth depths of the order of 
0,001 in. or greater. For shallow alloying (0.0004 in. or less), the flat 
surface is necessary. The common etch treatment, even on surfaces which 
have been previously polished, frequently gives rise to sufficient depar- 
tures from planarity of the surface so as to make the alloyed junctions 
non-uniform, Suitable polishing compounds for preparation of the sur- 
face are diamond paste of 0.25 » size or levigated alumina of 0.1 p size. 
Buck and McKim (Ref. 5) have shown, by means of surface recombina- 
tion velocity measurements, that the resulting depth of damage from 
these compounds is of the order of one micron, After polishing, the sam- 
ples are washed thoroughly in separate baths of deionized water, tri- 
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chlorethylene, 48 per cent hydrofluoric acid, and methyl alcohol. They 
are then ready for evaporation. 


3 PREPARATION oF Jics. One of the major advantages of evaporation 
as a process is the excellent three-dimensional geometry control. The 
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Fic. 3 Deposit thickness vs load wire size nomograph. This nomograph gives 
deposit thickness as a function of wire size and distance from source to 
substrate. As an example, suppose that a layer of thickness 1000 A is 
desired, that the distance from source to substrate is 10 cm, and that the 
wire diameter is 20 mils. Draw a line from the point marked 1000 on 
the top scale through the point 10 on the distance scale, and extend 
the line until it crosses the reference line. From this intersection, draw 
a line that passes through 20 on the load wire line and note that this 
intersects the wire length line at 6.2. Hence 6.2 cm of 20 mil wire is 
required. This figure has been taken from Bond (Ref. 3). 


two-dimensional, or areal, control is readily achieved through the use of 
proper jigs. If the semiconductor is placed in close contact with a suit- 
ably designed jig, the linear dimensions can be controlled to within tenths 
of mils (0,0001 in,), A typical jig, used for circular geometry, is shown in 
Fig. 5. In that figure a schematic of the charge and filament is also 
shown, Jigs can be made of several materials, two of the most common 
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being molybdenum and tantalum. The jigs are generally designed to 
serve as both mask and strip heater. 

The jigs are best cleaned by firing at high temperatures in forepump 
vacuum. The filament can be similarly cleaned. The filaments, like the 
jigs, may be made of several materials. Bond (Ref. 3) has also discussed 
the compatibility of various filament materials and charges. Another of 
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Fia. 4 Deposit thickness and weight per unit area vs load wire nomograph. 
(After Bond.) If one wishes to evaporate from a slug of given weight 
this nomograph may be used. For example, assume 750 A of chromium 
is required at a distance of 10 cm. Draw a line through Cr on the ma- 
terial scale and 750 on the thickness scale to the o scale, which gives 
the weight per unit area of the layer, and also serves as a reference line. 
Next, draw a line from this point through 10 on the r scale to the m 
scale. Hence 68 mg of chromium are required, and the deposited layer 
weighs 0.33 mg per sq in. (msi) from the g scale. 


his figures summarizes this and is reproduced as Fig. 6. Tungsten has 
heen used successfully for both aluminum and gold evaporations. Since 
the tungsten alloys slightly with aluminum and becomes rather brittle 
at the high temperatures of evaporation a new filament must be used 
with each charge. This is not the case with gold, and the filament may be 
used many times. 


4 Pump Down, The vacuum system must be evacuated to a pressure 
such that few collisions occur between evaporated atoms and the residual 
“ae molecules in the system, The occurrence of collisions leads to de- 
posited films of the evaporant on unwanted surfaces of the substrate and 
to the possibility of oxidation of the evaporant during flight. For most 





_ 236 FABRICATION TECHNOLOGY 
geometries a pressure of about 5 Xx 10-* mm Hg is satisfactory. In the 
general case a useful guide is furnished in Figs. 7 and 8. 


5 Evaporation. A photograph of a typical system just prior to vapori- 
zation is shown in Fig. 9. The vaporization itself begins by adjustment 
of the silicon to the desired temperature by passing current through the 
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Fic. 5 Jig and filament design for aluminum or gold-antimony evaporation. 
The top sketch shows the mask and semiconductor ready for evaporation. 
The two supports also serve as electrical terminals. In the center is a 
schematic drawing of a tungsten filament with a melted down charge 
ready for evaporation. The lower drawing shows the top view, and an 
enlarged cross section of the mask. 


mask. The effects of various silicon temperatures will be discussed below 
in the section on results. The charge is then brought to the temperature 
at which evaporation proceeds. A shield is interposed between charge 
and substrate to intercept any contaminants remaining on the surface of 
the charge. These evaporate before the metal does. When the surface 
contaminants have been removed, the shield is moved out of position and 
the evaporation is allowed to proceed. Caution must be exercised here 
when evaporating gold-antimony. The antimony has a higher vapor 
pressure than gold and, hence, during the cleaning process, a large part of 


it may be evaporated and intercepted by the shield, H, Christensen (Ref, — 
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6) has shown that all the antimony content of a gold antimony alloy may 
be evaporated at temperatures of the order of the gold melting point. 

If other alloys are used as evaporation sources, due care should be exer- 
cised in this respect. 
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Fia. 6 The mutual solubility of metals. (After Bond.) A small mutual solu- 
bility between filament and source is necessary if the source is to cling 
to the filament. For example, tin will not cling to a tungsten filament, 
whereas gold will. 


6 AuLoyinc. The alloy process may be carried out in several ways. 
It may take place during the vaporization cycle if the silicon is heated to 
a suitable temperature. Secondly, the evaporation may be onto a cold 
substrate and the alloying may be done later as a separate process. These 
methods are discussed in more detail in the following section on results. 


RESULTS 


The results may be divided into two classes—geometrical and electrical. 
We shall first consider the former, It has been mentioned above that the 
silicon may be heated during the evaporation by means of the combina: 
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Fic. 7 Mean free path vs nitrogen pressure. 
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Per cent metal atoms colliding with air atoms en route. This figure and 
Fig. 7 (both from Bond) show the mean free path of nitrogen as a 
function of pressure and the per cent of atoms suffering collisions en 
route as a function of the ratio of path length to mean free path. To 
a first approximation, one can assume that the mean free path of the 
material being evaporated is the same as that of nitrogen. When col- 
lisions occur, several harmful effects can result. Among these are the 
possibility of oxidation of the metal atoms, the formation of agglomerates 
of metal atoms, and the loss of geometrical definition. 
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tion mask-strip heater. The results obtained depend considerably on the 
semiconductor temperature. This is particularly true in the aluminum 
silicon system which has been investigated by N. Holonyak, G. Kaminsky, 
and M. Tanenbaum (Ref. 7) and the author. Their results are quoted ex- 
tensively below. There are, for this system, three temperature ranges of 
interest. The first is below 577°C, the aluminum-silicon eutectic; second 


















































Fic. 9 A typical evaporation system. A typical vacuum system used for the 
evaporation of metals onto semiconductors. Note the filament and its 
charge in the lower part of the chamber. Immediately above this is the 
movable shield used to intercept the initial contaminants during evap- 
oration. The mask and the semiconductor sample are located in the 
upper part of the chamber. 


is the range 577-660°C, the aluminum melting point; a third range in- 
cludes temperatures between the aluminum and silicon melting points. 
In the high temperature range the aluminum is in a molten state after 
deposition on the silicon substrate, and as a result is free to move around 
on the surface. It is also subjected to the forces of surface tension. As 
a result, evaporation under these conditions leads to a “balling up” of the 
aluminum with the formation of a number of small islands. Alloying does 
occur under these conditions, of course, and the individual islands gen- 
erally form excellent rectifiers (if the silicon is n type), The islands are 
generally isolated from each other, both geometrically and electrically, 
The sive of the islands formed is dependent upon the size of the charge 
and the temperature of the silicon during evaporation, Generally, higher 
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temperatures lead to a greater number and a smaller size of island. Fig. 
10 shows a typical island structure. 

If one holds the silicon temperature in the intermediate range, i.e., 577— 
660°C, alloying still occurs during the vaporization since the process is 
carried out above the silicon-aluminum eutectic. However, balling up 
and island formation do not occur here, presumably because the aluminum 
alone does not exist in the liquid state at these temperatures. Although 





Fic. 10 The nature of an aluminum deposit evaporated onto silicon held at 
800°C during evaporation. The charge size and system geometry 
would have yielded a layer 3000 A thick if a uniform layer had been 
produced. Note the island formation and isolation of the islands. 
The average island size here is about 1000 A. (From Holonyak, Ka- 
minsky and Tanenbaum.) 


there is some structure to the surface in this case, the evaporated film is 
continuous, and accurate three-dimensional geometry control is attained. 
A photograph of a surface obtained under these conditions is shown in 
Fig. 11. 

Finally, the evaporation may be carried out on a cold, i.e., <577°C, 
substrate. In this case the aluminum freezes on contact with the silicon 
surface and no alloying takes place. A subsequent cycle is then employed 
to produce the regrowth. The alloy process may be carried out under 
a variety of conditions. The important process parameters are ambient 
gas, alloy temperature, and temperature cycle. A variety of atmospheres 
have been investigated, including vacuum, dry hydrogen, dry helium, dry 


nitrogen, dry forming gas, and dry oxygen. Alloying proceeds well in all’ 


instances, but initial electrical characteristics and surface appearance are 
best when alloying in vacuum, hydrogen, or helium, 
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The alloy temperature is dictated by the desired depth of regrowth 
and the thickness of the evaporated layer. Fig. 12 shows the ratio of the 
regrowth depth to metal thickness for silicon-aluminum as a function of 
temperature. This figure has been prepared from the aluminum silicon 
phase diagram by J. W. Peterson (Ref. 8). 

A variety of temperature cycles have been used. These have covered 
the range of heating and cooling rates of 1°C/min to 200°/min with no 
apparent differences in resulting geometry. During alloying a small lat- 
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Fic. 11 The nature of an aluminum deposit evaporated onto silicon held at 
580°C during evaporation. The layer is about 3000 A thick. Note 
that, although there is some structure, a continuous film has been 
produced over the entire surface. (From Holonyak, Kaminsky and 
Tanenbaum.) 


eral spreading of the aluminum does occur. However, for diameters as 
large as 0.030 in., the spreading does not exceed 0.001 in. and is usually 
less. However, under certain surface conditions, the spreading can be 
appreciably greater. 

There is one vital factor in producing uniform regrowth layers by this 
process. If one carries out a cold evaporation essentially as. described 
above and subsequently alloys, then in general the solution of silicon by 
aluminum will not be uniform. A metallurgical cross section typical of 
this process is shown in Fig. 13. The non-uniformity of solution is at- 
tributed to non-uniform wetting. Uniform regrowth may be obtained, 
however, by a slight modification of the process. If the silicon is pre- 
baked in the vacuum chamber for times of the order of 15 min at 800°C 
or higher immediately prior to the vaporizations, then, on subsequent 
alloying, uniform wetting and solution result, A cross section of an alloy 
junction processed in this manner is shown in Fig, 14. The prebaking 
step because of its cleaning action gives rise to the same uniform junction 
in the “cold” process as is obtained in the “hot” processes, 
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The different results obtained by the three different processes may be 
summarized as follows. The high tem - 
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Fic. 12 The ratio of penetration to deposit thickness as a function of tempera- 
ture for the aluminum-silicon system. It has been prepared from the 
aluminum-silicon phase diagram. (After J. W. Peterson and C. D. 
Thurmond.) 
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Fic. 13 A photomicrograph of a metallurgical cross section of an aluminum- 
silicon evaporated alloyed junction. Note the irregular regrowth, even 
though the surface of the silicon constitutes a (111) plane. The 
vacuum pre-bake described in the text was not carried out on this 
sample. 


























lia, 14 A photomicrograph of a metallurgical cross section of an evaporated 
alloyed silicon-aluminum junction, The only difference in processing 
between the sample shown here and that shown in Fig, 13 was the 
use of the vacuum pre-bake treatment on this sample. 
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tained with the cold process. The intermediate temperature process does 
not appear satisfactory here since balling up appears to occur at any 
temperature above the gold-silicon eutectic. 

Contacts over a relatively wide range in size have been produced by 
the processes outlined above. Areas have been varied between 2 x 10-6 
in.? to 2 X 10-8 in.?.. Depths have ranged from 10~§ in. to 10~ in. 

Electrically good contacts are obtained by any of the procedures out- 
lined above. The contacts have been used as emitters in diffused base 
transistors, emitters, and collectors in alloy transistors and ohmic contacts 
to all three regions in diffused transistors. The accurate three-dimen- 
sional control attainable with evaporation techniques and the accom- 
panying electrical performance give a compatibility between alloying and 
diffusion techniques not easily obtainable otherwise. 
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DIFFUSED DEVICES 


These four papers describe the design and fabrication of devices made 
by solid-state diffusion. In the Prince paper diffusion of impurities into 
both sides of thin wafers of high resistivity is employed to combine high 
reverse breakdown voltages with the low forward voltage drops associated 
with conductivity modulation of the high resistivity region. The paper 
by Veloric and Smith describes tailoring of the avalanche breakdown 
voltage in silicon by adjustment of the impurity diffusion gradient, to 
compensate for variation of crystal resistivity from the nominal design 
value. 

In the paper by Lee silicon transistors, having three-to-four-micron 
thick base layers, are described. The last paper describes germanium 
transistors having one-micron thick base layers and thin evaporated and 
alloyed emitter and base contacts. These two types of transistors offer 
serious problems in contacting the emitter and base electrodes. The 
recently developed thermocompression bonding technique is especially 
suitable for this purpose. 


8A. DIFFUSED p-n JUNCTION SILICON RECTIFIERS * 
M. B. PRINCE 


Diffused p-n junction silicon rectifiers, incorporating the feature of con- 
ductivity modulation, are being developed. These rectifiers are made by 
the diffusion of impurities into thin wafers of high-resistivity silicon. 
Three development models with attractive electrical characteristics are 
described which have current ratings from 0 to 100 amp with inverse peak 
voltages greater than 200 v. These devices are attractive from an engi- 
neering standpoint since their behavior is predictable; one process permits 
the fabrication of an entire class of rectifiers, and large enough elements 
ean be processed so that power dissipation is limited only by the packaging 
and mounting of the unit. 


* Originally published in B.S.7'J., Vol. 35, May 1956. 

It is obvious that the work reported in this paper is not the result of one man’s 
labor. Much of the stimulus and many of the ideas are those of K, D. Smith. Other 
members of the Semiconductor Device Department of Bell Telephone Laboratories 
who have contributed considerably to the development of these devices are R. L. 
Johnaton, R, Rulison, and R, C, Swenson, D, A, Kleinman, J, L, Moll, and I, M, Ross 
have been most helpful in discussing the theoretical aspects of these devices, The 
wuthor wishes to thank H, R, Moore for hia suggestions on protecting the silicon rece 
(iflers against large overloads, 
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I. INTRODUCTION 


1.1 The earliest. solid-state power rectifier, the copper oxide rectifier, 
was introduced in the 1920’s. It found some applications where effi- 
ciency, space, and weight requirements were not important. In 1940 
the selenium rectifier was introduced commercially and overcame to a 
great extent the limitations of the copper oxide rectifier. As a result, 
the selenium rectifier has found wide usage. In early 1952 a large-area 
germanium (Ref. 1) junction diode was announced which showed further 
improvements in efficiency, size, and weight. In addition it showed 
promise of greater reliability and life as compared to the earlier devices. 
However, all of these devices have one drawback, in that they cannot 
operate in ambient temperatures greater than about 100°C. 

Also in 1952, the silicon alloy (Ref. 2) junction diode was announced 
and was shown to be capable of operating at temperatures over 200°C. 
However, it was a small-area device and could not handle the large power 
that the other devices could rectify. During the past years development 
has been carried on by several laboratories in improving the size and 
power capabilities of these alloy diodes. In early 1954 the gaseous diffu- 
sion technique (Ref. 3) for producing large-area junctions in silicon was 
announced. This technique lends itself very readily to controlling the 
position of junctions in silicon. An early rectifier (Ref. 3) made by this 
technique was one half cm? in area and conducted 8 amp at one volt in 
the forward direction and about 2 ma at 80 v in the reverse direction. The 
series resistance of this device was approximately 0.07 ohm. 

1.2 In order to understand quantitatively the problems associated 
with power rectifier development, consider Fig. 1(a) which shows what 
an engineer would like in the way of an ideal rectifier. It will pass a 
large amount of current in the forward direction, without any voltage 
drop, and will pass no current for any applied voltage in the reverse 
direction. At present no device with this characteristic exists. A typical 
semiconductor rectifier has a characteristic of the type shown in Fig. 
1(b). In these devices there is a forward voltage, Vo, that must be de- 
veloped before appreciable current will flow and a series resistance, Rg, 
through which the current will flow. In the reverse biased direction 
there is a current that will flow because of body and surface leakage and 
that usually increases with reverse voltage. At some given reverse volt- 
age, Vz, the device will break down and conduct appreciable currents, 
To have an efficient rectifier, Vo and R, should be as small as possible 
and Vz should be as large as can be made; also, the reverse leakage cur- 
rents should be kept to a minimum. According to semiconductor theory, 
Vo depends mainly upon the energy gap of the semiconductor, increasing 
with increasing energy gap. R, consists of two parts: body resistance of 
the semiconductor and resistance due to the contacts to the semiconductor, 
The higher the resistivity of the semiconductor, the higher is the body 
resistance part of R, The leakage currents in the reverse direction 


depend to some extent on the energy gap of the semiconductor, being. 
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smaller with larger energy gap; and Vg depends most strongly on the 
resistivity of the semiconductor, being larger for higher resistivity ma- 
terial. Another factor that is important in the choice of the semiconductor 
is the ability of devices fabricated from the semiconductor to operate 
at high temperatures; high temperature operation of devices improves 
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Fic. 1 (a) Ideal rectifier. (b) Semiconductor rectifier. 


with larger energy gap semiconductors. Thus there are two compromises 
to be made in choosing the material (energy gap) and resistivity of the 
semiconductor. 

1.8 This paper reports on a special class of rectifiers, in which improved 
performance has been obtained. These devices are made by using the 
diffusion technique with silicon. The diffusion process permits both 
accurate geometric control and low resistance ohmic contacts, which in 
turn makes it possible to reduce R, to very small values independent of 
the resistivity of the initial silicon, Therefore, high resistivity material 
can be used to obtain high Vy. An explanation of this result is given in 
Section ILI, Silicon permits small reverse currents and high temperature 
operation, Its only drawback is that Voe 0.6 v, Rectifiers made of 
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silicon with the diffusion technique are able to pass hundreds of amperes 
per square centimeter continuously in the forward direction in areas up 
to 0.4 cem?. One type of device whose area is 0.06 cm? readily conducts 
10 amp with less than one volt forward drop. The forward current 
voltage characteristic of this family of rectifiers follows an almost 
exponential characteristic indicating that R, is extremely small (<0.05 
ohm). Although the measured reverse currents are greater than those 
predicted by theory for temperatures up to 100°C, the reverse losses 
are low and do not affect the efficiency appreciably. 

1.4 The diodes made by the diffusion of silicon are very attractive, from 
an engineering standpoint, for several reasons. First of all, their behavior 
is predictable from the theory of semiconductor devices, as are junction 
transistors. This makes it possible to design rectifiers of given electrical, 
thermal, and mechanical characteristics. Secondly, rectifier elements 
of many sizes are available from the same diffused wafers, making it 
possible to use the same diffusion process, material, and equipment for 
a range of devices. Thirdly, large enough elements can be processed 
so that the power dissipation in the unit is limited only by the thermal 
impedance of mount and package. 


II DIFFUSION PROCESS 


2.1 It will be shown in Par. 3.2 that the forward characteristic of these 
devices is practically independent of the type (n or p) and resistivity 
of the starting material. The reverse breakdown voltage of a silicon p-n 
junction depends primarily on the resistivity of the lightly doped region. 
With these two considerations in mind—i.e., to fabricate rectifiers having 
the desirable excellent forward characteristic and at the same time high 
reverse breakdown voltage—high resistivity silicon is used as the 
starting material for the diffused barrier silicon rectifiers. Single-crystal 
material has been found to give a better reverse characteristic than 
multicrystalline material. Also, it has been found that p-type material 
has yielded units with a better reverse characteristic than n-type material. 
Therefore, in the remainder of this paper, we will limit discussion to 


rectifiers made from high resistivity, single-crystalline, p-type silicon, 


We will designate this material as z-type silicon. 


2.2 In addition to the fine control one has in the diffusion process (see — 


Par. 2.4), the process lends itself admirably to the semiconductor recti- 
fier field inasmuch as the distribution of impurities in this process results 
in a gradual transition from a degenerate semiconductor at the surface 
of the material to a non-degenerate semiconductor a short distance below 
the surface. This condition permits low resistance ohmic metallic con- 
tacts to be made to the surfaces of the diffused silicon. 

In order to create a p-n junction in the m silicon, it is necessary to 
diffuse donor impurities into one side of the slice, Although several donor 
type impurities have been diffused into silicon, all the devices discussed 


in this paper were fabricated by using phosphorus as the donor impurity, — 
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In order to make the extremely low resistance contact to the z side of 
the junction that is desirable in rectifiers, acceptor impurities are diffused 
into the opposite side of the = silicon slice. Boron was selected from the 
several possible acceptor type impurities 
to use for the fabrication of these devices. 
A configuration of the diffused slice is 
shown in Fig. 2. 

2.3 It will be shown in Section III that 
there are limits to the thicknesses of the 
three regions, N+, 7, P+, due to the na- 
ture of the operation of these rectifiers. 
With present techniques, it is necessary to 
keep the thickness of the w region to the 
order of two or three mils (thousandths of 
an inch). 

2.4 In the diffusion process of intro- 
ducing impurities in silicon for the pur- 
pose of creating junctions or ohmic con- Fia. 2 Diffused silicon recti- 
tacts, the diffusant is deposited on the fier configuration. 
silicon and serves as an infinite source. 

The resulting concentration of the diffusant is given by 
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where C' = concentration at distance x below surface, 

concentration at surface, 

= diffusion constant for impurity at temperature of diffusion, 
t = total time of diffusion, 
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A plot of C/Co = erfe y versus y is given in Fig. 3. Co is the surface 
solubility density and depends upon the temperature of the diffusion 
process (Ref. 4). At some depth, 2;, the concentration C equals the 
original impurity concentration where the silicon will change conductivity 
type resulting in a junction. In order to obtain desirable depths of the 
diffused layers, N+ and P+, it is necessary to diffuse at temperatures in 
the range of 1000 to 1300°C for periods of hours. With such periods it 
is obvious that the diffusion process lends itself to easy control and 
reproducibility. 


III CONDUCTIVITY MODULATION 


3.1 It is well known that the series resistance of a power rectifier is 
the most important electrical parameter to control and should be made 
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as small as possible for several reasons. The series resistance consists 
essentially of two parts: the body resistance of the semiconductor and 
the contact resistance to the semiconductor. In the early stages of recti- 
fier development both parts of the series resistance contributed about 
equally to the total series resistance. However, methods were soon found 
to reduce the contact resistance. It then became apparent that in order 
to reduce the body resistance, the geometry would have to be changed, and 
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the resistivity chosen carefully. By going to larger, thinner wafers it was 
possible to reduce this body resistance. However, the cost of pure silicon 
made it important that conductivity modulation (described below) be 
incorporated in these devices as a method for reducing the body resistance, 
Our initial attempts were successful due to the fact that higher lifetime 
of minority carriers could be maintained in the extremely thin wafers that 
were used, as compared to the lifetime remaining after the diffusion 
process in thicker wafers. 

3.2 A complete mathematical description of the J-V characteristic for 
the conductivity modulated rectifier is practically impossible due to the 
fact that the equations are transcendental, However, it is easy to under- 
stand the operation of the device physically, 


When the device is biased in the forward direction, electrons from — 


sina — 
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the heavily doped N+ region are injected into the high resistivity z region. 
If the lifetime for these electrons in the z region is long enough, the 
electrons will diffuse across the z region and reach the P+ region 
with little recombination. To maintain electrical neutrality, holes are 
injected into the + region from the P+ region. These extra mobile 
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Fic. 4 Forward. characteristic of silicon power rectifier. 


carriers (both electrons and holes) reduce the effective resistance of 
the w layer and thus decrease the voltage drop across this layer. The 
higher the current density, the higher is the injected mobile carrier 
densities and, therefore, the lower is the effective resistance. It is for 
this reason that the process is termed conductivity modulation. This 
effect tends to make the voltage drop across the m region almost inde- 
pendent of the current, resistivity, and semiconduetor type. 

When the junction is biased in the reverse direction, a normal reverse 
characteristic with an avalanche breakdown is expected and observed, 













252 FABRICATION TECHNOLOGY 


3.3 The forward characteristic of a typical unit is plotted semi- 
logarithmically in Fig. 4. The best fit to the low current data can be 
expressed as 

l= Log . (2) 

where J = current through unit, 

Io = constant, 

q = charge of electron, 

V = voltage across unit, 

k = Boltzmann’s constant, 

T = absolute temperature, 
andl <WN <2. 
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‘Fic. 5 Small-signal resistance vs de forward current. 


The departure of the high current data from the exponential character- 
istic is due to the contact resistance. Another interesting measurement of 
the forward characteristic is given in Fig. 5 where the small-signal ac 
resistance is plotted as a function of the forward de current for a typical 
rectifier element. The departure from the simple rectifier theory (Ref, 
5) where N = 1 is not surprising inasmuch as p-n junctions made by 
various methods and of different materials almost always have N > 1, 
Several calculations have been carried out using different assumptions 
and all indicate that the forward characteristic is independent of the 

“type and resistivity of the middle region, as long as the diffusion length 
‘for minority carriers is the order of or larger than the thickness of the 
‘pogion, 
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3.4 In order to cefaghigher reverse breakdown voltages (>500 v) 
it is necessary to use still higher resistivity starting material. It might 
be expected that intrinsic silicon will be used for the highest reverse 
breakdown voltages when it becomes available. However, in this case, 
thick wafers are necessary, since the reverse biased junction space-charge 
region extends rapidly with voltage for almost intrinsic material, and 
high lifetime is necessary in order to get the conductivity modulation 
effect in these thick wafers. Therefore, at present, it is necessary to com- 
promise the highest reverse breakdown voltages with the lowest forward 
voltage drops, in a similar manner to that discussed in Section I. How- 
ever, this is now done at a different order of magnitude of voltage and 
current density. 


IV FABRICATION OF MODELS 


4.1 It has been pointed out in Par. 1.2 that a low series resistance, Rs, 
is desirable and that it is composed of two parts: the body resistance and 
the contact resistance. In Section III a method for reducing the body 
resistance was described. The contact resistance can also be made very 
low. It has been found to be very difficult to solder low temperature 
solders (mp up to 325°C) to silicon with any of the standard commercial 
fluxes. However, it is quite easy to plate various metals to a surface 
of silicon from an electroplating bath or by an electroless process (Ref. 6) 
to which leads can readily be soldered. Some metals used for plating con- 
tacts are rhodium, gold, copper, and nickel. This type of contact yields 
a low contact resistance. Another technique that has shown some prom- 
ise for making the necessary extremely low resistance contact is the 
hydride fluxing method (Ref. 7). 

4.2 A wafer which may be about one inch in diameter is ready to be 
diced after it is prepared for a soldering operation. Up to this point all 
the material may undergo the same processing. Now it is necessary to 
decide how the prepared material is to be used; whether low-current 
(~1 amp) devices or medium- or high-current (~10-50 amp) devices 
are desired. The common treatment of all material for the entire class 
of rectifiers is one reason these devices are highly attractive from a 
manufacturing point of view. 

The dicing process may be one of several techniques: mechanical 
cutting with a saw, breaking along preferred directions, etching along 
given paths with chemical or electrical means after suitable masking 
methods, ete. In the case of mechanical damage to the exposed junctions, 
the dice should be etched to remove the damaged material. The dice are 
cleaned by rinses in suitable solvents and are then ready for assembly into 
the mechanical package designed for a given current rating. 

4.3 The dice may be tested electrically before assembly by using 
pressure contacts to either side. Pressure contacts have been considered 
for packaging the units; however, this type of contact was dropped from 
development due to mechanical, chemical, and electrical instabilities. 

44 The drawbacks of the pressure contact make it important to find 
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a solder contact that does not have the same objections. The solder used 
should have a melting point above 300°C, be soft to allow for different 
coefficients of expansion of the silicon and the copper connections, wet 
the plated metal, and finally, be chemically inactive even at the high 
temperature operation of the device. These requirements are met with 
many solders in a package that is hermetically sealed. This combination 
of a solder and a hermetically sealed package has been adopted for the 
intermediate development of the diffused silicon power rectifiers. 


V ELECTRICAL PERFORMANCE CHARACTERISTICS 


5.1 Before describing the electrical properties of these diodes, let us 
consider some of the physical properties of a few members of the class. 
Fig. 6 shows a picture of three sizes of units that will be discussed in 
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Fic. 6 Development silicon rectifiers. 


this section, together with the range of currents that these units can con- 
duct. The actual current rating will depend upon the ability of the de- 
vice to dispose of the heat dissipated in the unit. A description of how 
the rating is reached is given in Section VI. 

The smallest device has a silicon die that is 0.030 in. by 0.080 in. in area 


and all the units have dice about 0,005 in, thick, The medium-size device — 


has a wafer 0,100 in, by 0.100 in, in area, The largest device has an ele« 


ment 0,250 in, by 0.250 in, in area, Tt is obvious that a range of die size— 
could have been chosen for any of these rectifiers, However, electrical and 
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thermal considerations have dictated minimum sizes and economic con- 
siderations have suggested maximum sizes. The actual sizes are inter- 
mediate in value and appear to be satisfactory for the given ratings. 

5.2 Of fundamental importance to users of these rectifiers are the 
forward and reverse current-voltage characteristics. These character- 
istics of the medium-size unit are shown in Fig. 7 for two temperatures, 
25°C and 125°C, using logarithmic scales. It can be seen that in the 
forward direction at room temperature, 25°C, more than 20 amp are con- 
ducted with a one volt drop in the rectifier. At the higher temperature 
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Fic. 7 Current-voltage characteristics of medium-size rectifier. 


more current will be conducted for a given voltage drop. In the reverse 
direction, this particular unit can withstand inverse voltages as high as 
800 v before conducting appreciable currents (>1 ma) even at 125°C. 
A comparison of the current-voltage characteristics for the three different 
size units is shown in Fig. 8 where again the information is plotted on 
logarithmic scales. This information was obtained at 25°C. One can 
observe that the reverse leakage current varies directly as the area of the 
device and the forward voltage drop varies inversely as the area. These 
relations are to be expected; however, the reverse charactristics indicate 
(hat surface effects are probably affecting the exact shape of the curves. 
‘The changes in the forward characteristic can be attributed to the contacts 
und the internal leads of the packages. The breakdown voltage can be 
adjusted in any size device by the proper choice of starting material and 
(therefore no significance should be placed on the different breakdown 
voltages in Fig. 8. 3 

It is quite interesting to compare these units with germanium and 
selenium rectifiers which are commercially available, To make the com- 
parison as realistic as one can, we have chosen to compare the smallest 
silicon unit with a commercially available gormanium unit and a six 
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Fig. 8 Current-voltage characteristics of development rectifiers. 
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Fig. 11 Rectifier characteristics at 80°C. 
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Fia. 12 Rectifier characteristics at 125°C. 
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element selenium rectifier stack rated at 100 ma. The comparative size 
of these units can be seen in Fig. 9. Curves of the forward and reverse 
characteristics at 25°C are given in Fig. 10. Similar curves taken at 
80°C are given in Fig. 11 and at 125°C in Fig. 12. It can be seen that the 
forward characteristic is best for the germanium device at all temper- 
atures, and that the reverse currents are least for the silicon rectifier. 
The selenium rectifier is a poor third in the forward direction. However, 
if one has to operate the device at 125°C, only the silicon device will be 
satisfactory in both the forward and reverse directions. 

5.3 Capacitance measurements of all the silicon units have been made 
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Fic. 13 Capacitance vs reverse voltage in medium-size rectifier. 


at different reverse voltages and temperatures. The temperature depend- 
ence is negligible. However, as expected in semiconductor rectifiers, the 
capacitance varies inversely with the voltage according to the relation 
VCY¥ = constant where 2< N <3. Measurements are given in Fig. 13 
for a group of medium-size units. The other units made from the same 
resistivity material have capacitances that vary directly as their areas. 


5.4 The reverse breakdown voltage, Vz, of these devices is controlled” 


by the choice of resistivity of the starting material and the depth of 
diffusion of the junction. By keeping the resistivity of the initial p-type 
silicon above 20 ohm-em, it is possible to keep Vz above 200 v. Units 
have been made with V, greater than 1000 v. The deeper diffusion causes 
the junction to be more “graded” (Ref. 5) and therefore requires a greater 
voltage for the breakdown characteristic. This is in line with the 


capacitance measurements where the exponent indicates that the junction — 


is neither a purely abrupt junction which would result in an exponent of 
two nor a constant gradient junction which would result in an exponent of 
three. 

5.5 Another interesting measurement, which is related to the lifetime 
of minority carriers in the high-resistivity region and the frequency 
response, is the recovery time of these devices, During a forward bias 
on & pen junction, excess minority carriers are injected into either region, 





Chapter 8: Dirrusep Devices 259 





Io 


CURRENT, | —> 
oO 


RECOVERY 
-— TIME-- 


TIME, t —> 








Fic. 14 Recovery effect in silicon rectifiers. 


When the applied voltage polarity is reversed, these excess minority 
carriers flow out of these regions, giving rise initially to a large reverse 
current, until the excess carriers are removed. The magnitude and time 
variation of this current will depend to some extent upon the level of 
the forward current, but mostly upon the circuit resistance. If one adjusts 
the circuit resistance such that the maximum initial current, in the 
reverse direction, is equal to the forward current before reversing the 
polarity of the junction, then the reverse current will have a constant 
magnitude, limited by the circuit resistance, for a time known as the 
recovery time before it decays to a small steady-state value. Fig. 14 
shows graphically this effect. The recovery time in diffused junctions 
is found to be in the range of less than 0.1 psec to more than 4 psec. It 
can be shown that the longer recovery times are associated with higher 
lifetimes of minority carriers. More interesting, however, is the fact 
that these devices will have their excellent rectification charactristics to 
frequencies near the reciprocal of the recovery time. Measurements 
have been made of the rectification ability of typical small- and medium- 
size units by using the circuit shown in Fig. 15. The results of normalized 
rectified current versus frequency are given in Fig. 16, and it is seen 
that these units could be used to rectify power up to 1 ke without any 
appreciable loss of efficiency. 
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5.6 It is interesting to note that many of the electrical measurements 
made with the diffused barrier silicon rectifiers are self-consistent and 
can be related to simple concepts of semiconductor theory. As an exam- 
ple, experimental measurements indicating variations of recovery time 
of units are related to variations in minority carrier lifetime which in 
turn are related to experimental variations in the forward characteristic 
of these same devices. Such relationships among the measurable param- 
eters of these devices make it possible to design and control the electrical 
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Fic. 16 Relative rectification efficiency vs frequency. 


characteristics of the unit and therefore make them extremely attractive 


from an engineering point of view. 


VI MECHANICAL AND THERMAL DESIGN 


6.1 In order to have a device that is usable for more than experimental 
purposes, it is necessary that it be packaged in a mechanically stable 


structure and that the heat generated in the combined unit should not — 
lead to a condition where the device no longer has its desirable character-. 


istics. In earlier sections of this paper several mechanical requirements 
of a satisfactory package have been suggested. These may be repeated 
at this point. First, pressure contacts are not satisfactory; second, 
oxidizing ambients are to be avoided; third, approximately one watt per 
ampere of forward current is generated and must be disposed; and fourth, 
the package must be electrically satisfactory. The first requirement is 
met by using soldered contacts. Since these rectifiers are usable at temper- 
atures over 200°C, a solder was chosen that has a melting point over 
800°C, The second requirement necessitated the use of a hermetic seal 
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structure. If the seal is truly hermetic, no gases can enter or leave the 
package and thus no changes of the device due to the enclosed gas should 
occur, as long as the gas does not react with the silicon, solder, or package. 
However, no seal is absolutely vacuum tight, and thus care should be used 
in choosing a package design, so that minimum effects should occur to 
the electrical properties during the use of the device. The third require- 
ment of the disposal of the internally developed heat suggested the use 
of copper due to its high thermal conductivity. However, a small 
package alone is capable of dissipating only a small amount of heat 
without reaching a temperature that is too high for the device. This 
necessitates the use of cooling fins in conjunction with the device to make 
use of its electrical properties. This thermal requirement demands a 
package to which thermal fins can be attached. This is met by having 
the package contain a bolt terminal to which thermal fins can be attached 
or by which the unit can be mounted to a chassis for cooling. The fourth 
requirement consists of two parts: the package must have two leads 
that are electrically separated from one another and the leads must be 
sufficiently heavy to conduct the maximum currents. The first of these 
requirements is met by using glass-to-metal seals in the package and the 
second is met by using copper leads of sufficiently heavy cross-section. 
The resulting packages for the units discussed in this paper are shown 
in Fig. 6. It should be remembered that the packages are only inter- 
mediate development packages and that further work will probably alter 
these both in size and in shape. However, all the requirements mentioned 
will be applicable to any package. 

6.2 The units pictured in Fig. 6 have a range of de current ratings 
associated with them. The lower rating of each device corresponds to 
the maximum rating of the next smaller device. Of course, the larger 
units could be used for smaller current applications; however, such use 
would be like using a freight car to haul a pound of coal. The maximum 
rating of each device has been arbitrarily chosen for it to operate with a 
reasonably sized cooling fin at an ambient of 125°C and no forced air or 
water cooling. It is known that the ratings could be increased by either 
method of forced cooling. It has been found that a copper convection cool- 
ing fin is able to dissipate 8 mw/in.2/°C. This cooling rate is obtained 
from the difference between the average temperature of the fin and the 
ambient temperature over the effective exposed area of the fin. For ex- 
umple, a copper fin 3% in. square when mounted so that both surfaces are 
effective for cooling will be able to dissipate 10 watts and at the same time 
prevent the temperature of the fin from exceeding 50°C above the ambient 
lomperature, Another thermal drop is found between the junction and the 
hase of the package. This temperature difference depends mostly on 
the material of the base and its geometry. In the devices presented this 
drop is not more than 15°C at the maximum rated current. Thus the 
largest drop in temperature occurs between the cooling fin and the am- 
bient, which means that the design of the cooling fin is the controlling 
factor in the operating junction temperature of the rectifier, 

6.3 It is possible to use the devices without an attached cooling fin, 
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In this case, the maximum current is limited essentially by the size of 
the package. The small rectifier package is designed for 4 watt dissipa- 
tion and therefore the maximum current that should be rectified is about 
500 ma. The medium-size unit will comfortably rectify 1 amp without 
any additional cooling and the large rectifier unit will conduct 3 amp 
under the same conditions. 


VII RELIABILITY AND LIFE MEASUREMENTS 


7.1 One of the desired properties of any device is that it should operate 
satisfactorily at its rating for a long period of time. This general state- 
ment contains many implications which should be made specific for the 
devices under consideration in this paper. By stating that these devices 
should operate satisfactorily we mean that they should not age during 
operation; i.e., the forward and reverse characteristics at any temperature 
should not change with time. The statement implies that a rating has 
been established for the units. Furthermore, a long period of time has to 
be defined. There are applications where a few hours are considered a 
long time as in some military applications. However, in most Bell 
System applications, a long period of time may be 20 years or approxi- 
mately 200,000 hr. Clearly, in the short time since these rectifiers have 
been developed, it is impossible to make a fair statement as to their 
reliability and their life expectancy. However, it is possible to present 
some results of some early experiments and describe where and how 
the units have lived and died. It is this information that we will present 
in this section. It is a common experience that during the early develop- 
ment of any new component, there are many units that do not satisfy 
all the requirements of the desired end product. These units will generally 
deteriorate very rapidly on life testing because of some electrical or 
mechanical instability. The units used for life testing have been screened 
to remove the above-mentioned unstable devices. 

7.2 The life tests consist of four types: shelf tests at room temperature 
and at 150°C, forward characteristic tests, reverse characteristic tests, 
and load tests. The last tests are really the important tests ; however, 
these require the dissipation of large quantities of power in the load to 
test only a few devices. Therefore only a few units were tested in this 
condition and the majority tested under other conditions. The several 
units under load test have been operating for 6 months with no noticeable 
change in their characteristics. These devices are the small- and 
medium-size development units. The large rectifiers would require about 
10 kw of dissipation each in a load to give them a fair load test. 

The shelf tests at room temperature and at a temperature of 150°C 
have been running for 6 months and have indicated that most of the units 
remain practically constant. There have been some units that improve 
on standing, but there is no method of predicting which ones will improve, 
Some units get worse on standing; however, most of these can be predicted 
from the initial tests since these units usually have a noisy reverse char- 
acteristic near the reverse breakdown voltage, The unite that change 
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differ only in their reverse characteristic; the forward characteristic 
changes are not detectable, indicating that the contacts are stable. The 
changes in the reverse characteristic are probably due to the trapping 
of ions and vapors on the surface of the devices during the packaging 
operation. Another source of these variations is due to the non-hermeti- 
city of the glass-to-metal seals, allowing gases to diffuse into the package 
where they may cause changes in the reverse characteristic. These leaks 
have been found in many early units and new assemblies are being tried 
at present. 

The forward characteristic life test was considered a good test since 
the device is subject to practically all the internal power dissipation 
without requiring the relatively high load dissipation. It is tests of this 
nature that allow one to rate the various size devices. The medium- 
size rectifiers that ran at 15 amp in this test failed after 3 months of 
testing; whereas no units running at 5 and 10 amp have failed during the 
6 months since the tests have started, although their reverse characteristics 
have changed slightly. It should be noted that most of the change of 
reverse characteristic occurred during the first test period of 2 weeks. 
These changes are probably due to the causes mentioned in the preceding 
paragraph. 

Reverse characteristic tests have been running for several months on a 
group of 10 small rectifiers which we feel have a better gas-tight seal 
than the other development units. The voltage has been so adjusted on 
these units that they are pulsed into the breakdown region with a maxi- 
mum current of 1 ma. None of these units show any appreciable change. 

7.3 All of these tests in Par. 7.2 above had to do with continuous de 
or ac power being supplied to the units under test. However, in actual 
operation the units may be subject to voltage pulses due to power line 
pulses, accidental shorts, etc. In order for the rectifier to be useful, it 
should be able to take an overload for a period of time sufficiently long 
to allow a protective device to operate. Pulse tests have been performed 
on the medium-size rectifier. These devices are able to withstand over 
300 amp for times of the order of 50 psec. However, the fastest circuit 
breakers operate in about 20 ms and for this period, these units can stand 
only approximately 50 amp before failing. Since these units have such 
& low forward resistance at the operating currents (Fig. 7), any small 
increase in voltage across the diode will change the current through the 
device to a very large quantity. Therefore series protective resistances 
may be necessary where the possibility of short circuiting the device is 
high. Such operation would reduce the efficiency of the unit and is to 
he avoided if possible. Another type of protection may be afforded 
through the use of a high-impedance, high-current inductor, This type 
of protection is quite bulky and heavy and suitable only for stationary 
apparatus, Another common possibility of burnout of the devices occurs 
When using & capacitance input in conjunction with the rectifier, When 
the cireuit is turned on, large currents will flow to charge up the capacitors 
and consequently burn out the rectifiers, One possible protection from 
such operation is the use of a series resistance in conjunction with a time 
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delay relay. The series resistance will limit the initial capacitor charging 
current, and the time delay relay will short circuit the resistance after 
the capacitors have reached near their maximum charge. 

7.4 Dissection of burned-out units have indicated that the failure takes 
place through small spots on the device. This can be explained by the 


fact that some small areas of the device have slightly better forward 


characteristics. These areas will tend to conduct most of the forward 
current. Therefore most of the power will be dissipated there, and these 
areas will become even more conducting, leading to a channeling of the 
forward current through these spots with the consequent burnout. The 
best way to avoid such mishaps would be to make a more uniform device. 
Experiments are in process along this line. Another less satisfactory 
method would be the control of contact resistance such that the current 
would be limited in any particular area by the contact resistance. Simi- 
lar ideas must be considered when paralleling these diffused junction 
silicon rectifiers. It is possible to use these devices in parallel if one ad- 
justs the lead resistances such that no one unit will be allowed to conduct 
much more than its share of the current. 

7.5 As a conclusion to this section, it snould be noted that these rec- 
tifiers are expected to have a long life when operated within their ratings. 
They are able to operate for short periods of time (seconds) at five times 
their rated currents. Since the rectifiers have an extremely small series 
resistance, they should be protected against accidental surges and turning 
on to a capacitance input filter. 


VIII SUMMARY 


8.1 The development rectifiers described in the article are silicon 
diffused p-n junction rectifiers. These devices together with associated 
cooling fins can be used to rectify a complete range of currents from 0 


to 50 amp in a single-phase, half-wave rectifier circuit. They can be — 
used in more complex rectification circuits to yield even more de current. — 


Also, they are able to withstand at least 200 v peak in the inverse di- 
rection and operate satisfactorily at temperatures as high as 200°C. 


Furthermore, one process of diffusion and plating is sufficient for all the — 
devices of the class. This makes it possible for one diffusion and plating — 


line to feed material for all the rectifiers in a manufacturing operation. 
8.2 The rectifiers discussed behave according to the theory of semi- 


conductor devices which makes it possible to design them for given electri- — 
cal, thermal, and mechanical characteristics. One failure to meet ideal — 


theory of a p-n junction is with the forward characteristic. 


8.3 The diffused silicon type of rectifier has been compared with — 
germanium and selenium units and has better reverse characteristics at all _ 


temperatures. In the forward direction, the germanium units have a 
smaller voltage drop for any given current than the silicon rectifiers, but 
the silicon devices are capable of operating at much higher temperatures, 
thereby permitting higher overall current densities than the germanium 
devices, 
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8.4 The diffused silicon rectifiers are capable of use in any rectifier 
application where de currents up to the order of 100 amp are required 
and where inverse peak voltages up to 200 v are encountered. Another 
important use for these devices will be in the magnetic amplifier applica- 
tion where the low reverse currents of silicon will enable large amplifica- 
tion factors to be realized. Since the forward characteristics of these 
devices are so uniform, they can be used in voltage reference circuits that 
require voltages near 0.6 v and in circuits utilizing the exponential char- 
acter of the forward characteristic. However, as is to be expected from 
devices with the characteristics described in this paper, the most im- 
mediate application will be found in power supplies. 
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8B. SILICON DIFFUSED JUNCTION “AVALANCHE” 
DIODES * 


H. S. VELORIC AND K. D. SMITH 


Silicon n+, p, p+ diffused junction diodes have been made by diffusion of 
boron and phosphorus into p-type silicon. Units have been fabricated 
with breakdown voltages from 6 to greater than 200 v, with areas from 
6 x 10~* cm’ to 5 cm*®. Design problems associated with high and low 
voltage diodes are discussed. 

Reverse saturation currents at half the breakdown voltage are often in 
the order of 10-° amp/cm*®. Impedance after breakdown is shown to be 
a function of the breakdown voltage and the magnitude of the avalanche 
current. The cut-off freywency is in the order of one megacycle, and is 


* Originally published in J, Electrochem. Soc., Vol. 104, April 1957, 

It is evident that this work has been made possible only through the cooperative 
efforts of a number of individuals, In addition to the specific footriote acknowledg- 
ments the authors wish to thank T, J, Vasko who obtained all the data on device 
vharacteristica, D, W. Bodle for his unpublished data on surge properties of diodes, 
ML, Miller, A, Ublir, and M, B, Prince for many stimulating discussions concerning 
pe caer The method of presenting the data in Mg, 2 was suggested by OC, H, 

OWN, 
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shown to increase with decreasing transition region capacitance. Some 
units with areas of 5 X 10—* cm® have been operated at power levels of 10 
watts, with special provision for heat dissipation. 


The diffusion technique for introducing impurities into semiconductors 
(Ref. 1) has been shown to be a feasible method of producing large-area 
p-n junctions or ohmic contacts in silicon. This technology has been used 
to develop a family of diodes for various applications. A series of “ava- 
lanche” or voltage limiting diodes are considered in this paper. These 
diodes are characterized by rather high surge capability, low impedance 
in the breakdown region, and moderately low saturation currents. 

Representative diffusion and fabrication techniques are described in the 
first sections of the paper; this material is followed by discussion of device 
characteristics. Of particular interest are the impedance before and after 
breakdown, temperature coefficient of voltage in the breakdown region, 
surge capability, and barrier capacitance. Reliability of these devices 
under various environmental conditions is being studied. 


DIFFUSION OF PHOSPHORUS AND BORON 


If the diffusant is deposited, and serves as an infinite source, then the 
resulting added impurity distribution in the silicon is given by 


x 
C=C i — 1 
om 4/ ADE (1) 


where ( is the concentration at distance x below the surface, Co is the 
surface concentration, D is the diffusion constant, and t is the time of 
diffusion. The indication is that, if elements in the third or fifth column 
of the periodic table are considered as diffusants for silicon, then the sur- 
face concentration and diffusion constant decrease with increasing atomic 
weight (Ref. 2). The high surface concentrations of boron and _ phos- 
phorus result in degenerate surfaces which facilitate low resistance ohmic 
contacts to the diode. High surface concentration is also necessary to 
convert low resistivity material. 

For an error function impurity distribution, at some depth a; the con- 
centration of added donors equals the original acceptor concentration. 
Here the silicon changes conductivity type, resulting in a p-n junction. 
The concentration gradient, a, at the junction is 


dc —Co 
a= es 
OS lamas V xDt 


The breakdown voltage (Ref. 3), V», in a diffused junction may be 
increased by increasing the diffusion depth (Ref. 4), thereby decreasing 
the impurity gradient. For a given diffusant 


“ “4 
Vow a) ‘ (=!) (3) 
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where p is the resistivity of the starting material, and the subscript 0 
refers to a reference diffusion. For the devices reported here, phosphorus 
is used for the rectifying junction and boron for the ohmic contact for 
diffusion into p-type silicon. 


FABRICATION 


The preparation requires a number of sequential steps which are not 
inherently difficult. The most critical operations may be carried out on 
a number of silicon slices at one time; each such slice may be used for the 
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lia, 1 Breakdown ‘voltage for phosphorus diffused p-type silicon as a function 

of resistivity and junction depth. 


fabrication of a large number of device elements. The required silicon 
raw material characteristics depend on the device performance objectives 
established. A particular breakdown voltage is feasible with a certain 
range of silicon resistivity and diffusion program. Other fabrication de- 
tails may remain essentially the same for a number of related device 
designs. 

As an example, suppose it is desired to prepare single junction voltage 
reference diodes, having breakdown voltage near 20 v, using single-crystal 
p-type silicon as the raw material. As noted in Fig. 1 the net acceptor 
concentration in the silicon must be such as to make the resistivity lie in 
the general range 0.02-0.15 ohm-cm if a reasonable diffusion program is 
to be used, Thus, the first step in the preparation is to secure sufficient 
usable material, slice and lap it into 10 mil slices, and to measure the re- 
oe of these slices in order that the diffusion program may be deter- 
mined, 

Diffusion operations are carried out in a quarts tube, in the temperature 
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range 1100-1350°C. Silicon slices are exposed to a gaseous environment 
by standing them on edge in small slots in a quartz boat which is placed 
in the hot zone of the globar furnace. The diffusant source, in the first 
case P.O;, is located in the quartz furnace tube on the inlet side, at a 
temperature of about 200°C. Dry nitrogen gas is flowed over the P20; 
and the silicon during the run; this carries sufficient P.O; vapor into the 
diffusion zone to provide phosphorus atoms in high concentration at the 
silicon surface. A high surface concentration of the diffusant is necessary 
for diode devices, to permit very low resistance electrical contacts to be 
made. The above procedure results in phosphorus surface concentrations 
in the range 10-102? at/cm?; thus the surface is degenerate. 

After the phosphorus diffusion the p-type silicon slices have a thin 
n layer all over their exposed surfaces. To prepare single junction ref- 
erence diodes, the n layer is lapped off one side of each slice, which is then 
treated at the diffusion temperature in an atmosphere containing a small 
concentration of BCl; gas. BCls reacts with the exposed silicon, deposit- 
ing boron. This second diffusion step may be carried out at a lower 
temperature or for a shorter time than the initial diffusion, since only a 
thin p layer is required to obtain low contact resistance to the silicon 
body. Contact resistances of 10-8 ohm are achieved for areas of 1 cm?, 
by application of an electroless nickel plating (Ref. 5). The plating is 
subsequently fired for a few minutes in a nitrogen atmosphere at a tem- 
perature in the 800-900°C range. After this firing or sintering operation, 
a second electroless nickel plating is given to facilitate later soldering 
operations. 

Up to this stage in the fabrication, operations are carried out on a group 
of whole silicon slices, of any convenient size or shape. These slices must 


now be cut into smaller elements before assembly into devices. The sub-— 


assembly is then mounted in a suitable package, which is flushed with an 
inert gas, and hermetically sealed. 

Where appreciable power is to be dissipated, care must be exercised in 
the design to keep the thermal impedance between the p-n junction and 
external heat sink low. With an element area of 5 X 10-2 cm?, mounted 
directly to a copper stud, it is not difficult to keep the internal temperature 
rise below 2°C/watt dissipated. The means for external cooling depends 
on the particular installation. 


DESIGN CONSIDERATIONS 


Fig. 1 indicates that it is possible to predict the breakdown voltage of 
a diffused junction in the range from 5 to 1000 v. Fig. 2 shows (Ref. 6) 
that for one junction impurity gradient there is one breakdown voltage. 
The error in predicting the breakdown voltage is the error in predicting 
the impurity gradient from the measured impurity concentration in the 


silicon and the selected diffusion parameters. Previous work (Ref. 4) 


shows that in the range of 10-100 v, the mean value of the breakdown 
voltage of a large group of units can be predicted to within 2 per cent, 
Certain design problems are encountered with units intended for voltage 
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limiting applications below 9 v. In this range the ionization rate of elec- 
tron-hole pairs (Ref. 3) increases slowly as the field in the barrier region 
increases. Fig. 2 shows that in this low voltage range the field at break- 
down increases rapidly with decreasing breakdown voltage. The maxi- 
mum field in a diode which breaks down at 4 v has been calculated to be 
greater than 10° v/em. At these high fields mechanisms other than ava- 
lanche also play a role in the breakdown process (Ref. 7). In Fig. 1 the 
breakdown voltage levels off in the range near 5 v. The picture is further 
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complicated by the “soft”? breakdown characteristics obtained in these 
low voltage diodes. 

In Fig. 3 a plot of the J-V characteristics is given for several typical 
diffused junction diodes with cross-sectional area in the order of 10—? cm?. 
‘l'wo low voltage diodes are shown which have impurity gradients (Ref. 8) 
in the order of 1074 and 5 x 10*8, respectively. Diffused junction diodes 
which pass 100 ma at less than 8 v reverse bias are characterized by the 
M-shaped curve observed in Fig. 3. It may be noted from Fig. 2 that the 
breakdown voltage in this range is not very sensitive to variation in the 
impurity gradient, 

The units with breakdown voltages above 10 v have saturation currents 
lows than 10>° amp at low voltage and at avalanche breakdown the volt- 
age changes less than 0.5 v for a current change of several decades, In 
(he current range of 10°! to 10>" amp, series resistance and thermal effects 
onuse & somewhat larger voltage change, 


270 FABRICATION TECHNOLOGY 


The prediction of breakdown voltage above 100 v is a more difficult 
problem. In the derivation of equation (3) the diffused impurity gradient 
at the junction was assumed to be linear over the width of the space- 
charge (Ref. 4) region. In a p-n junction where the depletion layer ex- 
tends beyond the graded region, the electrical characteristics will ap- 
proach those of a “step” junction rather than a linear graded one. 
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Fic. 3 Current-voltage characteristics of some typical diodes. 


Some information on conditions in the space-charge region can be ob- 
tained by measurements of barrier capacitance at different barrier bias 
potentials. In plotting log (V4 + Vi) vs log C, a relation VC"=*" would 
be obtained, where V, is the applied voltage, V; is the internal or “built 
in” barrier voltage, C is the capacitance, and n is a constant. For a linear 
graded junction, n = 3; a step junction n = 2, In Fig, 4, log-log plots 
of V vs C are given for several diodes with junction depths in the order 
of 2.5 10°" om, It is noted that n is in the range from 2.8 to 3,0 for 
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diodes with V, less than 60 v. For the 150-v units, n = 2.7 at low bias, 
but decreases as the applied voltage is increased. For higher breakdown 
voltage, barrier conditions approximate those for a step junction at high 
reverse bias, and the observed value (Ref. 9) of n is as low as 2.2. The 
extrapolation to 500 v in Fig. 1 is therefore not strictly justified. 
Attempts to use Fig. 1 to predict breakdown voltage for diodes in the 
range 150-200 v or higher, gave erratic results. Departures in the order 
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Fic. 4 Depletion layer capacitance of diffused junction diodes. 


of 15 per cent from the predicted values were observed. Further experi- 
mentation showed that if silicon containing the order of 101° acceptors/cm? 
was heated in the range 1200-1300°C, relatively large changes in resis- 
tivity resulted. These changes were unpredictable, and the amount of 
change varied from crystal to crystal. 

In Table 1 some of the observed resistivity changes are listed. It is 
interesting to note that use of resistivity values after heat treatment for 
prediction of breakdown voltage gives better correlation than if the initial 
resistivities are used, The largest resistivity changes are observed for 
resistivities above 15 ohm-cm, 


HLECTRICAL CHARACTERISTICS 


The diffused junction silicon avalanche diodes show promise of exten- 
sive application as voltage control and surge protection devices, Of par- 
ticular interest are the low effective impedance in the breakdown condi« 
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TABLE 1 SOME THERMALLY INDUCED RESISTIVITY VARIATIONS 








: (1) (2) 
Starting | After heat Vo V. 
Crystal # p treatment | (Observed) ( Calculate d) 
(ohm-cm) |. p v ¢ 
(ohm-cm) 
‘A-380 11.5 11.5 190 200 
A-320 10.6 8.8 185 185 
#1 314 10 15 215 230 
314 7.8 8.1 195 175 
Si IV-378 8.7 8.4 180 180 
Si IV-378 8.7 13.1 185-195 210 
Si A-102 6.2 8.8 135-140 160 
Si A-102 6.2 9.1 145 160 
46 Si A-102 6.1 7.3 
Si V-1392 6.6 46.2 180-190 300 
Si V-1392 6.4 35.1 180 290 
Si V-1392 6.9 21.7 


(1) Si was heated in Ne at 1200°C for 16 hr. 

(2) The breakdown voltage was calculated from the heat-treated resistivity 
using Fig. 1. P,O; was diffused at 1225°C for 16 hr in lot 1 and at 1200° for 16 hr 
in lot 6. 


tion, and the power handling capabilities. Some other characteristics 
which have been evaluated are the temperature coefficient of the break- 
down voltage, frequency limitations, and some preliminary aging data. 

The current-voltage characteristics of a diffused junction diode depend 
on the internal atomic structure, surface conditions, and the junction area. 


P-n junction theory (Ref. 10) predicts reverse saturation current at room 


temperature in the order of 10-1 amp/cm?. This value should be inde- 
pendent of applied reverse bias until the field becomes sufficient to result 
in avalanche multiplication. In a typical diode the observed reverse 
current is many orders of magnitude greater than the predicted saturation 
current and increases slightly with increasing bias. Diodes with break- 
down voltages less than about 7 v exhibit large reverse currents which 
increase rapidly as the breakdown voltage is approached. This character- 
istic varies considerably from diode to diode. For all breakdown voltages 
the transition from high impedance before breakdown to low impedance 
in the breakdown region is more gradual than predicted by multiplication 
theory (Ref. 11) from the low voltage saturation current, Typical cur- 
rent-voltage curves for several diodes are shown in Fig, 3. The forward 
characteristics of the diodes are as would be expected for a silicon pen 
junction device, if the body resistance is included in the calculation, The 
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body resistance term becomes small for the lower voltage diodes made of 
very low resistivity material; forward currents in the order of 1 amp at 
1 v forward bias are commonly observed for diodes with breakdown in the 
10-20 v range. 

The impedance in the breakdown region is a function of the diode 
structure and the avalanche breakdown current. Impedance at the onset 
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Fia. 5 Impedance in the breakdown region as a function of current. 


of breakdown is very large; at very high current densities this reduces to 
& value approaching the body resistance. McKay’s breakdown mecha- 
nism (Ref. 3) describes the current as being transmitted by 50-80 pa 
pulse increments carried in a small spot in the junction. This mechanism 
would predict a high impedance for a small number of pulses; the im- 
pedance should decrease as additional pulses are turned on. For extremely 
high current densities, such as a pulse of 10 amp/cm?, essentially the 
entire diode is turned on and only the body resistance is observed. Fig. 5 
is a plot of the low frequency ac resistance in the breakdown region for 
various breakdown voltages as a function of reverse current. The re- 
sistance values were obtained by superimposing a small ac signal on an 
so de bias current, and measuring the ac potential across the 
diode 

The high barrier capacitance associated with large area low voltage 
breakdown diodes restricts their application to some extent, In Fig. 6 a 
plot of the rectified ac current as a function of frequency for several dif- 
fused junction diodes, the frequency cutoffs (output de down 8 db) are 
observed to be proportional to the transition region capacitance, Curves 
A, B, ©, and D in Fig, 6 are for a series of gene of rrr ea 10-8 
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cm? area; curve E is for a power diode of about 5 X 10-2 cm? area. The 
location of the response curves along the frequency axis in a plot such as 
Fig. 6 depends on the load resistance; each curve shifts to a higher fre- 
quency if the load resistance is reduced. 

Pearson and Sawyer (Ref. 12) have shown that for certain silicon step 



















(-2V) ES 


A 885) 74-75v| __\ 
B 660) 12V 
Cc 
D 


ANNE 


ead oe 
bene 


Snel 


lOK 100K IMC MC 
FREQUENCY (C/SEC) 









280) 19-20V 
105) 62V 


RELATIVE RECTIFICATION EFFICIENCY 


I55V 
I80V 


E 185) 
Fig. 6 Frequency response of diffused diodes as low voltage rectifiers. 


junctions the breakdown voltage varies linearly with temperature be- 
tween —196° and 25°C, or 


Var) = Vary ll + B(T — To)] (4) 


where Var.) is the breakdown voltage at a reference temperature, and 
Vacr) 18 the. breakdown voltage at any temperature T. The equation for 
the temperature dependence of breakdown voltage in a diffused junction 
has been observed (Ref. 7) to have the same linear variation. An analysis 
for diodes of various breakdown voltages in the range —90-150°C is in 
qualitative agreement with this picture. Fig. 7 is a plot of the tempera- 
ture coefficient vs breakdown voltage. Diodes having substantially zero 
temperature coefficient of breakdown may be fabricated in the 6 v region. 

At this stage in the development it is not possible to make accurate 
estimates of reliability or life expectancy for the diffused junction ava- 
lanche diodes, On the basis of information obtained so far, the following 
summary statements appear reasonable; (a) with present technology, 
reliable high performance silicon junction devices must be hermetically 
sealed; (b) a long life is to be expected if a sufficient heat sink is provided 
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to keep the junction temperature at a reasonable value. Several of the 
units of element size 5 X 10-7 cm? have been operating continuously for 
more than a year without significant deterioration, at a power dissipation 
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Fic. 7 Temperature coefficient of breakdown voltage vs voltage. 


of 10 watts. These units were provided with a heat dissipation fin to hold 
the junction temperature below 100°C. 


CONCLUSION 


The gaseous diffusion technique has been used to fabricate a family of 
avalanche silicon diodes with a wide range of breakdown voltage and of 
junction areas. These diodes have application as voltage regulation or 
control devices, as voltage reference elements, or in signal circuits as surge 
protective elements. The impedance of these devices is lower, and the 
power capability higher, than have been available previously. 

Several design and fabrication problems are simplified by use of 
the diffusion technology: the junction depth may be controlled within 
3 10°* em; the breakdown voltage for a particular silicon resistivity 
can be controlled over a moderate range, by adjustment of the diffusion 
program; the same fabrication techniques may be used for a wide range 
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of junction areas and device properties; the more critical operations may 
be carried out on large slices of silicon, which are later cut as desired into 
small elements for device fabrication. 
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8C. A HIGH-FREQUENCY DIFFUSED BASE 
GERMANIUM TRANSISTOR * 


CHARLES A. LEE Sede 


Techniques of impurity diffusion and alloying have been developed which 
make possible the construction of p-n-p junction transistors utilizing a 
diffused surface layer as a base region. An important feature is the high 


degree of dimensional control obtainable. Diffusion_has-theadvantages-of 
eae hick ; lized 


ber: form large- 


eing able to produce umform large-area junctio; La. 
in high power devices, and very thin surface layers-whteh-may be utilized 
in high-frequency devices. 
TH naistors Fane boon made of germanium which typically have alphas 
of 0.98 and alpha cutoff frequencies of 500 me. The fabrication, electrical 
aracterization, and design considerations of these transistors are dis- 
cussed. 


* Originally published in B.S.7'.J., Vol. 35, Jan, 1956. 

The author wishes to acknowledge the help of P. W. Foy and W. Wiegmann who 
aided in the construction of the transistors, D, 2, Thomas who designed the electrical 
equipment needed to characterize these units, and J, Klein who helped with the elec. 
trical measurements, The numerical evaluation of alpha for drift flelda was done by 
Lillian Lee whowe assiatance is gratefully acknowledged, 
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INTRODUCTION 


Recent work (Ref. 1, 2) concerning diffusion of impurities into ger- 
manium and silicon prompted the suggestion (Ref. 3) that the dimen- 
sional control inherent in these processes be utilized to make high-fre- 
quency transistors. 

One of the critical dimensions of junction transistors, which in many 
cases seriously restricts their upper frequency limit of operation, is the 
thickness of the base region. A considerable advance in transistor prop- 
erties can be accomplished if it is possible to reduce this dimension one or 
two orders of magnitude. The diffusion constants of ordinary donors and 
acceptors in germanium are such that, within realizable temperatures and 
times, the depth of diffused surface layers may be as small as 10-® cm. 
Layers slightly less than 1 micron (10-4 em) thick have already been 
made and utilized in transistors. Moreover, the times and temperatures 
required to produce micron surface layers permit good control of the 
depth of penetration and the concentration of the diffusant in the surface 
layer with techniques described below. 

If one considers making a transistor whose base region consists of such 
a diffused surface layer, several problems become immediately apparent: 

1) Control of body resistivity and lifetime during the diffusion heating 
cycle. 

2) Control of the surface concentration of the diffusant. 

3) Making an emitter on the surface of a thin diffused layer and con- 
trolling the depth of penetration. 

4) Making an ohmic base contact to the diffused surface layer. 

One approach to the solution of these problems in germanium which 
has enabled us to make transistors with alpha cutoff frequencies in excess 
of 500 me is described in the main body of the paper. 

An important characteristic feature of the diffusion technique is that 
it produces an impurity gradient in the base region of the transistor. This 
impurity gradient produces a “built-in” electric field in such a direction 
as to aid the transport of minority carriers from emitter to collector. Such 
a drift field may considerably enhance the frequency response of a tran- 
sistor for given physical dimensions (Ref. 4). 

The capabilities of these new techniques are only partially realized by 
their application to the making of high-frequency transistors, and even 
in this field their potential has not been completely explored. For ex- 
ample, with these techniques applied to making a p-n-i-p structure the 
possibility of constructing transistor amplifiers with usable gain at fre- 
quencies in excess of 1000 me now seems feasible. 


DESCRIPTION OF TRANSISTOR FABRICATION -AND PHYSI- 
CAL CHARACTERISTICS 


As starting material for a p-n-p structure, p-type germanium of 0.8 
ohm-om resistivity was used, From the single crystal ingot rectangular 


bara were cut and then lapped and polished to the approximate dimen- 
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sions: 200 x 60 X 15 mils. After a slight etch, the bars were washed in 
potassium cyanide solution followed by a deionized water rinse and 
placed in a vacuum oven for the diffusion of an n-type impurity into the 
surface. The vacuum oven consisted of a small molybdenum capsule 
heated by radiation from a tungsten coil and surrounded by suitable 
radiation shields made also of molybdenum. The capsule could be baked 
out at about 1900°C in order that impurities detrimental to the electrical 
characteristics of the germanium be evaporated to sufficiently low levels 
(Ref. 5). 

As a source of n-type impurity to be placed with the p-type bars in the 
molybdenum oven, arsenic-doped germanium was used. The relatively 
high vapor pressure of the arsenic was reduced to a desirable range (about 
10—-* mm of Hg) by diluting it in germanium. The use of germanium 
eliminated any additional problems of contamination by the dilutant, 
and provided a convenient means of determining the degree of dilution 
by a measurement of the conductivity. The arsenic concentrations used 
in the source crystal were typically of the order of 10!7-10!®/cc. These 
concentrations were rather high compared to the concentrations desired 
in the diffused surface layers, since compensation had to be made for 
losses of arsenic due to the imperfect fit of the cover on the capsule, and 
due to some chemical reaction and adsorption which occurred on the in- 
ternal surfaces of the capsule. 

The layers obtained after diffusion were then evaluated for sheet con- 
ductivity and thickness. To measure the sheet conductivity a four-point 
probe method (Ref. 6) was used. An island of the surface layer was 
formed by masking and etching to reveal the junction between the surface 
layer and the p-type body. The island was then biased in the reverse 
direction with respect to the body, thus effectively isolating it electrically 
during the measurement of its sheet conductivity. The thickness of the 
surface layer was obtained by first lapping at a small angle to the 
original surface (14-1°) and locating the junction on the beveled surface 
with a thermal probe; then multiplying the tangent of the angle between 
the two surfaces by the distance from the edge of the bevel to the junction 
gives the desired thickness. Another particularly convenient method of 
measuring the thickness (Ref. 7) is to place a half-silvered mirror parallel 
to the original surface and count fringes, of the sodium D-line for example, 
from the edge of the bevel to the junction. Typically the transistors de- 
scribed here were prepared from diffused layers with a sheet conductivity 
of about 200 ohms/square, and a layer thickness of (1.5 + 0.3) « 10-4 
cm. 
When the surface layer had been evaluated, the emitter and base con- 
tacts were made using techniques of vacuum evaporation and alloying. 
For the emitter, a film of aluminum approximately 1000 A thick was 
evaporated onto the surface through a mask which defined an emitter area 
of 1 & 2 mils, The bar with the evaporated aluminum was then placed on 
a strip heater in a hydrogen atmosphere and momentarily brought up to 
a temperature sufficient to alloy the aluminum, The emitter having been 
thus formed, the bar was again placed in the masking jig and a film of 
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gold-antimony alloy from 3000 to 4000 A thick was evaporated onto 
the surface. This film was identical in area to the emitter, and was placed 
parallel to and 0.5 to 1 mil away from the emitter. The bar was again 
placed on the heater strip and heated to the gold-germanium eutectic tem- 
perature, thus forming the ohmic base contact. The masking jig was 
constructed to permit the simultaneous evaporation of eight pairs of con- 
tacts on each bar. Thus, using a 3-mil diamond saw, a bar could be cut 
into eight units. 

Each unit, with an alloyed emitter and base contact, was then soldered 
to a platinum tab with indium, a sufficient quantity of indium being used 
to alloy through the n-type surface layer on the back of the unit. One 
of the last steps was to mask the emitter and base contacts with a 6- to 
8-mil diameter dot of wax and form a small-area collector junction, by 
etching the unit attached to the platinum tab in CP-4. After washing in 
solvents to remove the wax, the unit was mounted in a header designed to 
allow electrolytically pointed wire contacts to be made to the base and 
emitter areas of the transistor. These spring contacts were made of 1-mil 
phosphor bronze wire. 


ELECTRICAL CHARACTERIZATION 


Of the parameters that characterize the performance of a transistor, 
one of the most important is the short-circuit current gain (alpha) vs fre- 
quency. The measured variation of « and «#/(1 — «) (short-circuit cur- 
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Kia, 1 The grounded emitter and grounded base response vs frequency for a 
typical unit. 


rent gain in the grounded emitter circuit) as a function of frequency for 
« typical unit is shown in Fig. 1. For comparison the same parameters 
for an exceptionally good unit are shown in Fig, 2. 

In order that the alpha cutoff frequency be a measure of the transit 
time of minority carriers through the active regions of the transistor, any 
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resistance-capacitance cutoffs, of the emitter and collector circuits, must 
lie considerably higher than the measured f,. In the emitter circuit, an 
external contact resistance to the aluminum emitter of the order of 10 
to 20 ohms and a junction transition capacitance of 1 pwuf were meas- 
ured. The displacement current which flows through this transition ca- 
pacitance reduces the emitter efficiency and must be kept small relative 
to the injected hole current. With 1 ma of current flowing through the 
emitter junction, and consequently an emitter resistance of 26 ohms, the 
emitter cutoff for this transistor was above 6000 mc. One can now see 
that the emitter area must be small and the current density high to attain 
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Fic. 2. The grounded emitter and grounded base response vs frequency for an 
exceptionally good unit. 





a high emitter cutoff frequency. The fact that a low base resistance re- 
quires a high level of doping in the base region, and thus a high emitter 
transition capacitance, restricts one to small areas and high current 
densities. 

In the collector circuit capacitances of 0.5 to 0.8 puf at a collector 
voltage of —10 v were measured. There was a spreading resistance in 
the collector body of about 100 ohms which was the result of the small 
emitter area. The base resistance was approximately 100 ohms. If the 
phase shift and attenuation due to the transport of minority carriers 
through the base region were small at the collector cutoff frequency, the 
effective base resistance would be decreased by the factor (1 — a). The 
collector cutoff frequency is then given by 


1 
‘cuetlaial 


where C, = collector transition capacitance, 
R, = collector body spreading resistance, 


However, in the transistors deseribed here the base region produces the 





So 
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major contribution to the observed alpha cutoff frequency and it is more 
appropriate to use the expression 


1 
 QnCe(ry + Re) 


where r, = base resistance. This cutoff frequency could be raised by in- 
creasing the collector voltage, but the allowable power dissipation in the 
mounting determines an upper limit for this voltage. It should be noted 
that an increase in the doping of the collector material would raise the 
cutoff, since the spreading resistance is inversely proportional to N a, While 
the junction capacitance for constant collector voltage is only propor- 
tional to NV,¥%. 

The low-frequency alpha of the transistor ranged from 0.95 to 0.99 
with some exceptional units as high as 0.998. The factors to be consid- 
ered here are the emitter efficiency y and the transport factor B. The 
transport factor is dependent upon the lifetime in the base region, the 
recombination velocity at the surface immediately surrounding the emit- 
ter, and the geometry. The geometrical factor of the ratio of the emitter 
dimensions to the base layer thickness is >10, indicating that solutions 
for a planar geometry may be assumed (Ref. 8). If a lifetime in the 
base region of 1 psec and a surface recombination velocity of 2000 cm/sec 
is assumed a perturbation calculation (Ref. 9) gives 


fe 


B = 0.995 


The high value of @ obtained with what is estimated to be a low base 
region lifetime and a high surface recombination velocity indicates that 
the observed low-frequency alpha is most probably limited by the emitter 
injection efficiency. As forthe emitter injection efficiency, within the ac- 
curacy to which the impurity concentrations in the emitter regrowth layer - 
and the base region are known, together with the thicknesses of these two 
regions, the calculated efficiency is consistent with the experimentally ob- 
served values. 


CONSIDERATIONS OF TRANSIT TIME 


An examination of what agreement exists between the alpha cutoff fre- 
quency and the physical measurements of the base region involves the 
mechanism of transport of minority carriers through the active regions 
of the transistor. The “active regions” include the space-charge region 
of the collector junction. The transit time through this region (Ref. 10) 
is no longer a negligible factor. A short calculation will show that with 
~ 10 v on the collector junction, the space-charge layer is about 4 x 10-4 
om thick, and the frequency cutoff associated with transport through this 
region is approximately 8000 me, 

The remaining problem is the transport of minority carriers through the 


base region, Depending upon the boundary conditions existing at the 


surface of the germanium during the diffusion process, considerable gradi« 
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ents of the impurity density in the surface layer are possible. However, 
the problem of what boundary conditions existed during the diffusion 
process employed in the fabrication of these transistors will not be dis- 
cussed here because of the many uncertainties involved. Some qualitative 
idea is necessary, though, of how electric fields arising from impurity 
gradients may affect the frequency behavior of a transistor in the limit 
of low injection. 

If one assumes a constant electric field as would result from an exponen- 
tial impurity gradient in the base region of a transistor, then the continu- 
ity equation may be solved for the distribution of minority carriers (Ref. 
4). From the hole distribution one can obtain an expression for the 
transport factor B: 


Z 
= e? —_____LLl—__, 
n sinh Z + Z cosh Z 
where 
1 N. I1qEk 
9 =-In— =-—w, 
2 N, 2kT 
Z=lie+7)* 
we 
ep, 


where N, = donor density in base region at emitter junction, 


N, = donor density in base region at collector junction, 
E = electric field strength, 

D, = diffusion constant for holes, 
w = width of the base layer. 


A plot of this function for various values of 7 is shown in Fig. 3. For 
» = 0, the expression above reduces to the well-known case of a uniformly 
doped base region. The important feature to be noted in Fig. 3 is that 
relatively small gradients of the impurity distribution in the base layer 
can produce a considerable enhancement of the frequency response. 

It is instructive to calculate what the alpha cutoff frequency would be 
for a base region with a uniform distribution of impurity. The effective 
thickness of the base layer may be estimated by decreasing the measured 
thickness of the surface layer by the penetration of the space-charge re- 
gion of the collector and the depth of the alloyed emitter structure. Using 
a value for the diffusion constant of holes in the base region appropriate 
to a donor density of about 1017/cc, we have 


300 me < fe S 800 me. 


This result implies that the frequency enhancement due to “built-in” 
fields is at most a factor of two. In addition, it was observed that the 
alpha cutoff frequency was a function of the emitter current as shown in 
Fig. 4. This variation indicates that at least intermediate injection levels 
exist in the range of emitter current shown in Fig, 4, The conclusion to 


be drawn, then, is that electric fields produced by impurity gradients in 
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Fic. 3 The variation of |@| vs frequency for various values of a uniform drift 
field in the base region. 
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Via, 4 The variation of the alpha cutoff frequency as a function of emitter 
current, 
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the base region are not the dominant factor in the transport of minority 
carriers in these transistors. 

The emitter current for a low level of injection could not be determined 
by measuring f, versus I, because the high input impedance at very low 
levels was shorted by the input capacitance of the header and socket. 
Thus, at very small emitter currents, the measured cutoff frequency was 
due to an emitter cutoff and was roughly proportional to the emitter cur- 
rent. At J,=1 ma this effect is small, but here at least intermediate 
levels of injection already exist. 

A further attempt to measure the effect of any “built-in” fields by turn- 
ing the transistor around and measuring the inverse alpha proved fruitless 
for two reasons. The unfavorable geometrical factor of a large collector 
area and a small emitter area as well as a poor injection efficiency gave 
an alpha of only 

a=0.1. 


Secondly, the injection efficiency in this case turns out to be proportional 
to w—%, giving a cutoff frequency of less than 1 mc. The square-root 
dependence of the injection efficiency on frequency may be readily seen. 
The electron current injected into the collector body may be expressed as 


1+ ol 


J¢= DN | L2 


where g = electronic charge, 
D,, = diffusion constant of electrons, 
and 
q 
N = —vn; 
es 


where v; = voltage across collector junction, 


n- = density of electrons on the p-type side of the collectror junction, — 


te = lifetime of electrons in collector body, 
L, = diffusion length of electrons in the collector body. 


Since the inverse cutoff frequency is well below that associated with the 
base region, we may regard the injected hole current as independent of 
the frequency in this region. The injection efficiency is low so that 


1 = Je Kl. 
Je 
Thus at a frequency where 
wte > 1, 
then 
yo w 4, 


An interesting feature of these transistors was the very high current 
densities at which the emitter could be operated, without appreciable loss 
of injection efficiency, Fig. 5 shows the transmission of a 50 millimiero- 
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sec pulse up to currents of 18 ma which corresponds to a current density 
of 1800 amp/cm?. The injection efficiency should remain high, as long 
as the electron density at the emitter edge of the base region remains small 
compared to the acceptor density in the emitter regrowth layer. When 
high injection levels are reached, the injected hole density at the emitter 
greatly exceeds the donor density in the base region. In order to preserve 
charge neutrality, 
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Fic. 5 Transmission of a 50-millimicrosec pulse at emitter currents up to 18 ma 
by a typical unit. (Courtesy of F. K. Bowers.) 


p~ Nn, 
where p = hole density, 
n = electron density. 


As the injected hole density is raised still further, the electron density 
will eventually become comparable to the acceptor density in the emitter 
regrowth layer. The density of acceptors in the emitter regrowth region 
is of the order of 

Na = 107°/ee, 


and this is to be compared with injected hole density at the base region 
side of the emitter junction. The relation between the injected hole 
density and the current density may be approximated by (Ref. 8) 
_ 24D opr 

w 


Jp 


where p; © hole density at emitter side of base region, 
wm width of base region, 
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A short calculation indicates that the emitter efficiency should remain 
high at a current density of an order of magnitude higher than 1800 
amp/cm?. The measurements were not carried to higher current densi- 
ties because the voltage drop across the spreading resistance in the col- 
lector was producing saturation of the collector junction. 


CONCLUSIONS 


Impurity diffusion is an extremely powerful tool for the fabrication of 
high-frequency transistors. Moreover, of the 50-odd transistors which 
were made in the laboratory, the characteristics were remarkably uniform 
considering the variations usually encountered at such a stage of develop- 
ment. It appears that diffusion process is sufficiently controllable that 
the thickness of the base region can be reduced to half that of the units 
described here. Therefore, with no change in the other design parameters, 
other than, perhaps, a different mounting, units with a 1000 mc cutoff fre- 
quency should be possible. 
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8D. DIFFUSED EMITTER AND BASE SILICON 
TRANSISTORS * 


M. TANENBAUM AND D. E. THOMAS 


Silicon n-p-n transistors have been made, in which the base and emitter 
regions were produced by diffusing impurities from the vapor phase. 
Transistors with base layers 3.8 * 10-4 cm thick have been made. The 
diffusion techniques and the processes for making electrical contact to 
the structures are described. 

The electrical characteristics of a transistor with a maximum alpha of 
0.97 and an alpha cutoff of 120 mc are presented. The manner in which 
some of the electrical parameters are determined by the distribution of the 
doping impurities 1s discussed. Design data for the diffused emitter-dif- 
fused base structure are calculated and compared with the measured char- 
acteristics. 


INTRODUCTION 


The necessity of thin base layers for high-frequency operation of tran- 
sistors has long been apparent. One of the most appealing techniques for 
controlling the distribution of impurities in a semiconductor is the dif- 
fusion of the impurity into the solid semiconductor. The diffusion co- 
efficients of Group III acceptors and Group V donors into germanium 
and silicon are sufficiently low at judiciously selected temperatures so 
that it is possible to envision transistors with base layer thicknesses of a 
micron and frequency response of several thousand megacycles per 
second. 

A major deterrent to the application of diffusion to silicon transistor 
fabrication in the past was the drastic decrease in lifetime which generally 
occurred when silicon was heated to the high temperatures required for 
diffusion. There was also insufficient knowledge of the diffusion parameters 
to permit the preparation of structures with controlled layer thicknesses 
and desired dopings. The investigations of C. S. Fuller and co-workers 
have produced detailed information concerning the diffusion of Group 
III and Group V elements in silicon. This information has made possible 


* Originally published in B.S.7.J., Vol. 35, Jan. 1956. 

A portion of the material of this paper was presented at the Semiconductor Device 
Conference of the Institute of Radio Engineers, Philadelphia, Pa., June 1955. 

The authors are indebted to several people who contributed to the work described 
in this paper. In particular, the double diffused silicon from which the transistors 
were prepared was supplied by C, 8, Fuller and J, A, Ditzenberger. The data on dif- 
fusion coefficients and concentrations were also obtained by them. 

P, W. Foy and G, Kaminsky assisted in the fabrication and mounting of the 
transistors and J, M, Klein aided in the electrical characterization, The computa. 
tions of the various solutions of the diffusion equation (6) were performed by Francis 
Maier, In addition many valuable discussions with ©, A, Lee, G, Weinreich, J, L, 
Moll, and G, ©, Davey helped formulate many of the ideas presented herein, 
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the controlled fabrication of transistors with base layers sufficiently thin 
that high alphas are obtained even though the lifetime has been reduced 
to a fraction of a microsecond. In a cooperative program with Fuller, 
diffusion structures were produced which have permitted the fabrication 
of transistors whose electrical behavior closely approximates the behavior 
anticipated from the design. This paper describes these techniques which 
have resulted in high alpha silicon transistors with alpha cutoff of over 
100 me. 


1 FABRICATION OF THE TRANSISTORS 


Fuller’s work (Ref. 1) has shown that in silicon the diffusion coefficient 
of a Group III acceptor is usually 10 to 100 times larger than that of the 
Group V donor in the same row in the periodic table, at the same tem- 
peratures. These experiments were performed in evacuated silica tubes, 
using the Group III and Group V elements as the source of diffusant. 
Under these conditions a particular steady-state surface concentration 
of the diffusant is produced, and the depth of diffusion is sensitive to 
this concentration, as well as to the diffusion coefficient. The experiments 


show that the effective steady-state surface concentration of the donor: 


impurities produced under these conditions is 10 to 100 times greater than 
that of the acceptor impurities. Thus, by the simultaneous diffusion of 
selected donor and acceptor impurities into n-type silicon an n-p-n struc- 
ture will result. The first m layer forms because the surface concentration 
of the donor is greater than that of the acceptor. The p layer is produced 
because the acceptor diffuses faster than the donor and gets ahead of it. 
The final n region is simply the original background doping of the n-type 
silicon sample. It has been possible to produce n-p-n structures by the 
simultaneous diffusion of several combinations of donors and acceptors. 
Often, however, the diffusion coefficients and surface concentrations of the 
donors and acceptors are such that optimum layer thicknesses (see Sec- 
tions 3 and 4) are not produced by simultaneous diffusion. In this case, 
one of the impurities is started ahead of the other in a prior diffusion, and 
then the other impurity is diffused in a second operation. 

With the proper choice of diffusion temperatures and times it has been 
possible to make n-p-n structures with base layer thicknesses of 2 x 10~4 
cm. The uniformity of the layers in a given specimen is better than ten 
per cent of the layer thickness. Fig. 1 illustrates the uniformity of the 
layers. This figure is an enlarged photograph of a view perpendicular 
to the surface of the specimen. A bevel which makes an angle of 5 degrees 
with the original surface has been polished on the specimen. This angle 
magnifies the layer thickness by 11.5. The layer is defined by an etchant 
which preferentially stains p-type silicon (Ref. 1) and the width of the 
layer is measured with a calibrated microscope. 

After diffusion, the entire surface of the silicon wafer is covered with 
the diffused n- and p-type layers, see Fig, 2(a). Electrical contact must 
now be made to the three regions of the device, The base contact can 
be made by polishing a bevel on the specimen to expose and magnify 
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the base layer, and then alloying a lead to this region by the same tech- 
niques employed in the fabrication of grown junction transistors, Fig. 
2(b). However, a much simpler technique has been evolved. If the 
surface concentration of the donor diffusant is maintained below a certain 
critical value, it is possible to alloy an aluminum wire directly through 
the diffused n-type layer and thus make effective contact to the base 
layer, Fig. 2(c). Since the resistivity of the original silicon wafer is 1-5 
ohm-cm, the aluminum will be rectifying to this region. It has been 
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Fic. 1 Angle section of a double diffused silicon wafer. The p-type center 
layer is approx. 2X 10-4 em thick. 


shown experimentally that if the surface concentration of the donor 
diffusant is less than the critical value mentioned above, the aluminum 
will also be rectifying to the diffused n-type region and the contact be- 
comes merely an extension of the base layer. The n layers produced by 
diffusion from elemental antimony are below the critical concentration 
and the direct aluminum alloying technique is feasible. 

Contact to the emitter layer is achieved by alloying a film of gold 
containing a small amount of antimony. Since this alloy will produce 
an n-type regrowth layer, it is only necessary to insure that the gold- 
antimony film does not alloy through the p-type base layer, thus short 
cireuiting the emitter to the collector, This is controlled by limiting the 
amount of gold-antimony alloy which is available by using a thin evapo- 
rated film or by electroplating a thin film of gold-antimony alloy on an 
inert metal point and alloying this structure to the emitter layer, 

Ohmic contact to the collector is produced by alloying the silicon wafer 
to a Kovar tab plated with a gold-antimony alloy, 

The transistors whose characteristics are reported in this paper were 
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prepared from 3 ohm-cm n-type silicon using antimony and aluminum 
as the diffusants. The base contact was produced by evaporating alumi- 
num through a mask, so taat a line approximately 0.005 « 0.015 em in 
lateral dimensions and 100,000 A thick was formed on the surface. This 
aluminum line was alloyed through the emitter layer in a subsequent 
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Fic. 2 Schematic illustratior of (a) double diffused n-p-n wafer, (b) angle sec- 
tion method of making base contact, and (c) direct alloying method of 
making base contact. 


operation. The wafer was then alloyed onto the plated Kovar tab. A 
small area, approximately 0.015 cm in diameter, was masked around the 
line and the wafer was etched to remove the unwanted layers. The unit 
was then mounted in a header. Electrical contact to the collector was 
made by soldering to the Kovar tab. Contact to the base was made with 
a tungsten point pressure contact to the alloyed aluminum. Contact 
to the emitter was made by bringing a gold-antimony plated tungsten 
point into pressure contac: with the emitter layer, The gold-antimony 
plate was then alloyed by passing a controlled electrical pulse between 


the plated point and the transistor collector lead, Fig, 3 is a photograph 


of amounted unit, 
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2 ELECTRICAL CHARACTERISTICS 


The frequency cutoffs of experimental double diffused silicon tran- 
sistors, fabricated as described above, are an order of magnitude higher 
than the known cutoff frequencies of earlier silicon transistors. This is 
shown in Fig. 4, which gives the measured common base and common 
emitter current gains for one of these units as a function of frequency. 
The common base short-circuit current gain is seen to have a cutoff fre- 
quency of about 120 mc (Ref. 2). The common emitter short-circuit 
current gain is shown on the same figure. The low-frequency current gain 
is better than 30 db, and the cutoff frequency, which is indicated by the 


Ce = 7uurF 





Co = 0.52 44uF n= 150w 


COMMON BASE CURRENT —jo9mc Ic = 3 MA 
GAIN CUT-OFF FREQUENCY Ve = 10 VOLTS 


Fig. 5 High-frequency lumped constant equivalent circuit for a double diffused 
silicon n-p-n transistor. 


frequency at which the gain is 3 db below its low-frequency value, is 
3 mec. This is an exceptionally large common emitter bandwidth for a 
30 db common emitter current gain and is of the same order of magnitude 
as that obtained with the highest frequency germanium transistors (e.g., 
p-n-t-p or tetrode) which had been made prior to the diffused base ger- 
manium transistor (Ref. 3). 

Fig. 5 shows a high-frequency lumped constant equivalent circuit 
for the double diffused silicon transistor whose current gain cutoff char- 
acteristic is shown in Fig. 4. External parasitic capacitances have been 
omitted from the circuit. The configuration is the conventional one for 
junction transistors with two exceptions. A series resistance, 7”,, has been 
added in the emitter circuit to account for contact resistance resulting 
from the fact that the present emitter point contacts are not perfectly 


ohmic. A second resistance, 7’,, has been added in the collector circuit to — 


account for the ohmic resistance of the n-type silicon between the col- 


lector terminal and the effective collector junction. This resistance exists — 


in all junction transistors, but in larger-area low-frequency junction 
transistors its effect on alpha cutoff is sufficiently small so that it has 
been ignored in equivalent circuits of these devices. The collector RC 
cutoff caused by the collector capacitance, and the combined collector 
body resistance and base resistance is an order of magnitude higher 
than the measured alpha cutoff frequency and therefore is not too serious 


in impairing the very-high-frequency performance of the transistor, This 
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is due to the low capacitance of the collector junction, which i 
approximately 0.5 ppyf at 10 v collector Noaee The base bce a 
this transistor is less than 100 ohms, which is quite low and compares very 
favorably with the best low-frequency transistors reported previously 
The low-frequency characteristics of the double diffused silicon tran- 
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Fic. 6 Collector characteristics of a double diffused silicon n-p-n transistor. 


sistor are very similar to those of other junction transistors. This is il- 
lustrated in Fig. 6, where the static collector characteristics of one of 
these transistors are given. At zero emitter current the collector current 
is too small to be seen on the scale of this figure. The collector current 
under this condition does not truly saturate, but collector junction re- 
sistance is very high. Collector junction resistances of 50 megohms at 
reverse biases of 50 v are common. , 

The continuous power dissipation permissible with these units is also 
indicated in Fig. 6. The figure shows dissipations of 200 mw and the 
units have been operated at 400 mw without damage, Aa illustrated in 
Vig. 8, no special provision has been made for power dissipation, and it 
would appear from the performance obtained to date that powers of a 
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few watts could be handled by these units with relatively minor provisions 
for heat dissipation. However, it can also be seen from Fig. 6 that at 
low collector voltages alpha decreases rapidly as the emitter current is 
increased. The transistor is, therefore, non-linear in this range of emitter 
currents and collector voltages. In many applications, this non-linearity 
may limit the operating range of the device to values below those which 
would be permissible from the point of view of continuous power dissipa- 
tion. 
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Fig. 7 Alpha as a function of emitter current and temperature for a double dif- 
fused silicon n-p-n transistor. 


Fig. 7 gives the magnitude of alpha as a function of emitter current 
for a fixed collector voltage of 10 v and a number of ambient temperatures. 
These curves are presented to illustrate the stability of the parameters 
of the double diffused silicon transistor at increased ambient temperatures. 
Over the range from 1 to 15 ma emitter current and 25 to 150°C ambient 
temperature, alpha is seen to change only by approximately 2 per cent. 
This amounts to only 150 parts per million change in alpha per degree 
centigrade change in ambient temperature. 

The decrease in alpha at low emitter currents, shown in Fig. 7, has been 
observed in every double diffused silicon transistor which has been made 
to date. Although this effect is not completely understood at present, it 


could be caused by recombination centers in the base layer that can — 


be saturated at high injection levels. Such saturation would result in an 
increase in effective lifetime and a corresponding increase in alpha. The 
large increase in alpha with temperature at low emitter currents is con- 
sistent with this proposal. It has also been observed that shining a strong 
light on the transistor will produce an appreciable increase in alpha at 
low emitter currents but has little effect at high emitter currents, A 
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strong light would also be expected to saturate recombination centers 
which are active at low emitter currents and this behavior is also con- 
sistent with the foregoing proposal. 


3 DISCUSSION OF THE TRANSISTOR STRUCTURE 


Although the low-frequency electrical characteristics of the double 
diffused silicon transistor which are presented in Section 2 are quite similar 
to those usually obtained in junction transistors, the structure of the 
double diffused transistor is sufficiently different from that of the grown 
junction or alloy transistor to warrant a discussion of some design 
principles. This section is devoted to a general discussion of the factors 
which determine the electrical characteristics of the transistors. In 
Section 4 the general ideas of Section 3 are applied, in a more specialized 
fashion, to the double diffused structure, and a detailed calculation of 
electrical parameters is presented. 

One essential difference between the double diffused transistor and 
grown junction or alloy transistors arises from the manner in which the 
impurities are distributed in the three active regions. In the ideal case 
of a double-doped grown junction transistor or an alloy transistor the 
concentration of impurities in a given region is essentially uniform, and 
the transition from one conductivity type to another at the emitter and 
collector junctions is abrupt, giving rise to step junctions. On the other 
hand, in the double diffused structure the distribution of impurities is 
more closely described by the error function complement, and the emitter 
and collector junctions are graded. These differences can have an appre- 
ciable influence on the electrical behavior of the transistors. 

Fig. 8(a) shows the probable distribution of donor impurities, Np, and 
acceptor impurities, N4, in a double diffused n-p-n. Fig. 8(b) is a 
plot of Np — N4 which would result from the distribution in Fig. 8(a). 
Kromer (Ref. 4) has shown that a non-uniform distribution of impurities 
in a semiconductor will produce electric fields which can influence the flow 
of electrons and holes. For example, in the base region the fields between 
the emitter junction, x,, and the minimum in the Np — N4 curve, 2’, 
will retard the flow of electrons toward the collector, while the fields 
between this minimum and the collector junction, x, will accelerate the 
flow of electrons toward the collector. These base layer fields will affect 
the transit time of minority carriers across the base and thus contribute 
to the frequency response of the transistor. In addition the base re- 
sistance will be dependent on the distribution of both diffusants. These 
three factors are discussed in detail below. 

Moll and Ross (Ref. 5) have determined that the minority current, 
7, that will flow into the base region of a transistor if the base is doped 
in a non-uniform manner is given by 


In = DD mn gavin (1) 
fro de 
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where 7; is the carrier concentration in intrinsic material, qg is the elec- 
tronic charge, V is the applied voltage, Dm is the diffusion coefficient of 
the minority carriers, and the integral represents the total number of 
uncompensated impurities in the base. The primary assumptions in this 
derivation are: 1) planar junctions, 2) no recombination in the base 
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Fic. 8 Diagrammatic representation of (a) donor and acceptor distributions and 
(b) uncompensated impurity distribution in a double diffused n-p-n 
transistor. 


region, and 3) a boundary condition at the collector junction that the 
minority carrier density at this point equals zero. It is also assumed that 
the minority carrier concentration in the base region just adjacent to the 
emitter junction is equal to the equilibrium minority carrier density at 
this point multiplied by the Boltzmann factor exp (qV/kT). It is of 
special interest to note that J,, depends only on the total number of un- 
compensated impurities in the base and not on the manner in which they 
are distributed, 

In the double diffused transistor, it has been convenient from the point 
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of ease of fabrication to make the emitter layer approximately the same 
thickness as the base layer. It has been observed that heating silicon to 
high temperatures degrades the lifetime of n- and p-type silicon in a 
similar manner (Ref. 6). Both base and emitter layers have experienced 
the same heat treatment and, to a first approximation, it can be assumed 
that the lifetime in the two regions will be essentially the same. Thus 
assumptions (1) and (2) should also apply to current flow from base 
to emitter. If we assume that the surface recombination velocity at the 
free surface of the emitter is infinite, then this imposes a boundary con- 
dition at this side of the emitter which under conditions of forward bias 
on the emitter is equivalent to assumption (3). Thus an equation of the 
form of (1) should also give the minority current flow from base to 
emitter. Since the emitter efficiency, y, is given by 


I,(emitter to base) 
2 In(emitter to base) + Im(base to emitter) 


proper substition of (1) will give the emitter efficiency of the double 
diffused n-p-n transistor, 
1 


Na — Np) d 
, J p) dx 


Dn 
fw — Na) dx 


(2) 





,= 





ie 


In (2), Dy is the diffusion coefficient of holes in the emitter, D, is the 
diffusion coefficient of electrons in the base and the ratio of integrals is 
the ratio of total uncompensated doping in the base to that in the emitter. 

A calculation of transit time is more difficult. Kromer (Ref. 4) has 
studied the case of an aiding field which reduces transit time of minority 
carriers across the base region and thus increases frequency response. In 
the double diffused transistor the situation is more complex. Near the 
emitter side of the base region the field is retarding (region R, see Fig. 8) 
and becomes aiding (region A) only after the base region doping reaches 
a maximum. The case of retarding fields has been studied by Lee (Ref. 
3) and by Moll (Ref. 7). At present, the case for a base region containing 
both types of fields has not been solved. However, at the present state of 
knowledge some speculations about transit time can be made. 

The two factors of primary importance are the magnitude of the 
built-in fields and the distance over which they extend. In the double 
diffused transistor, the widths of regions R and A are determined by the 
surface concentrations and diffusion coefficients of the diffusants. It 
can be shown by numerical computation (Ref. 7) that if region R con- 
stitutes no more than 80-40 per cent of the entire base layer width, then 
the over-all effect of the built-in fields will be to aid the transport of 
minority carriers and to produce a reduction in transit time. In addition 
the absolute magnitude of region R is important, If the point a should 
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occur within an effective Debye length from the emitter junction, i.e., if 
x’ is located in the space-charge region associated with the emitter junc- 
tion, then the retarding fields can be neglected. 

The base resistance can also be calculated from surface concentrations 
and diffusion coefficients of the impurities. This is done by considering 
the base layer as a conducting sheet and determining the sheet con- 
ductivity from the total number of uncompensated impurities per square 
centimeter of sheet and the appropriate mobility weighted to account 
for impurity scattering. 


4 CALCULATION OF DESIGN PARAMETERS 


To calculate the parameters which determine emitter efficiency, transit 
time, and base resistance it is assumed that the distribution of uncom- 
pensated impurities is given by 


% x 
N(a) = N, erfe — — Ne erfe — + N3, (3) 
Ly Lo 


where N, and No are the surface concentrations of the emitter and base 
impurity diffusants respectively, L,; and Lz are their respective diffusion 
lengths, and N3 is the original doping of the semiconductor into which 
the impurities are diffused. The impurity diffusion lengths are defined as 


Ly = 2V D,t, and Lz = 2V Dats, (4) 


where the D’s are the respective diffusion coefficients and the ?’s are the 
diffusion times. 
Equation (3) can be reduced to 


T(é) = Ty erfe & — T, erfe XE + 1, (5) 
where 
N N N L 
— N=—; Tl > ; - =—. 
N3 N3 


T(é) = =—; §=—; A= 

For cases of interest here, I'(é) will be zero at two points, a and 8, 
and will have one minimum at é¢’. In the transistor structure the emitter 
junction occurs at § = a and the collector junction occurs at & = 6. Thus 


the base width is determined by 8 — a. The extent of aiding and retarding — 


fields in the base is determined by &’. The integral of (5) from 0 to 
a, I,;, and from a to B, Ig, are the integrals of interest in (2) and thus 
determine emitter efficiency. In addition J» is the integral from which 
base resistance can be calculated. 

The ‘calculations which follow apply only for values of T/T, and Ty 
greater than ten, Some of the simplifying assumptions which are made 
will not apply at lower values of these parameters where the distribution 
of both diffusants as well as the background doping affect the structure 
in all three regions of the device, 
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41 Base Wiptu. From Fig. 8 and (5) it can be seen that for T, 2 10 
ais essentially independent of Iz and is primarily a function of T,/ T, and 
A. Fig. 9 is a plot of a versus T';/I's with as the parameter. The par- 
ticular plot is for Tz = 10*. Although as stated, a is essentially inde- 
pendent of T2, at lower values of T'2, a may not exist for the larger values 
of A, i.e., the p layer does not form. 






































Nia, 9 Emitter layer thickness (in reduced units) as a function of the ratio of 
the surface concentrations of the diffusing impurities (T/T) and the 
ratio of their diffusion lengths (,). 


: In the same manner, it can be seen that £ is essentially independent of 
I 1 /T’g and is a function only of Tg and X, Fig. 10 is a plot of 8 versus I’, 
with \ as a parameter. This plot is for ';/I'y = 10 and at larger T,/To, 


i may not exist at large }. 


The base width 
w= B—a 


oan be obtained from Fig. 9 and 10, a, 6 and w ean be converted to conti- 
motors by multiplying by the appropriate value of Ly, 
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4.2 Emirrer Erricrency. With the limits a and 6 determined above, 
the integrals J, and I, can be calculated. Examination of the integrals 
shows that J, is closely proportional to T';/T2 and also to T2. On the other 
hand Jz is closely proportional to Iz and essentially independent of I’; /Te. 
Thus, the ratio of J2/I,; which determines y depends primarily on T/T. 
Fig. 11 is a plot of the constant 2/I, contours in the Ty /T2 — » plane for 
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Fic. 10 Collector junction depth (in reduced units) as a function of the sur- 
face concentration (in reduced units) of the diffusant which deter- 
mines the conductivity type of the base layer ([') and the ratio of 
the diffusion lengths (A) of the two diffusing impurities. 


I,/I, in the range from —1.0 to —0.01. The graph is for Tz = 104. 
Since from (2) 
1 


(ae (6) 


Dy Is 


Dn I; 


for an n-p-n transistor, and assuming D,/D, = ¥ for silicon, then I2/J; 
= —1.0 corresponds to a y of 0.75 and I2/I, = —0.01 corresponds to a 
y of 0.997. 

4.3 Base Resistance. It was indicated above that [2 depends princi- 
pally on T, and). Fig. 12 is a plot of the constant J, contours in the I'g 
— plane for J, in the range from — 10* to —10. The graph is for T/T, 
= 10, The base layer sheet conductivity, g», can be calculated from these 


data as 
go = —GalglsNs, (7) 
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where q, Ly; and N3 are as defined above and g is a mobility properly 
weighted to account for impurity scattering in the non-uniformly doped 
base region. The units of g, are mhos per square. 
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Fig. 11 Dependence of emitter efficiency upon diffusant surface concentrations 
oy diffusion lengths. The lines of constant J,/J, are essentially lines 
of constant emitter efficiency. The ordinate is the ratio of surface con- 


centrations of the two diffusants and the abscissa i i i 
Siotaicn incre, is the ratio of their 


4.4 TRANSIT Time. With a knowledge of where the minimum value, 
e, of (5) occurs, it is possible to calculate over what fraction of the base 
width the fields are retarding. The interesting quantity here is 


AR = . 
B-a 


t' is a function of T/T, and \ and varies onl i 
y very slowly with T/T. 
fi is also a function of [')/ly and \ and varies only oat with fy Py, 
: ¢ most rapidly changing part of AR is 8 which depends primarily on 
y as noted above, Fig, 13 is a plot of the constant AR contours in the 
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I, — d plane for values of AR in the range 0.1 to 0.3. This graph is for 
data with T,/Tfz = 10. As Iy/Te2 increases at constant T, and A, AR 
decreases slightly. At I',/T'z = 10*, the average change in AR is a decrease 
of about 25 per cent for constant Ty and \ when AR < 0.3. The error is 
larger for values of AR greater than 0.3. It was noted above that when 









































Fic. 12 Dependence of base layer sheet conductivity on diffusant surface con- 
centrations and diffusion lengths. The lines of constant J, are essen- 
tially lines of constant base sheet conductivity. The ordinate is the 
surface concentrations (in reduced units) of the diffusant which deter- 
mines the conductivity type of the base layer and the abscissa is the 
ratio of the diffusion lengths of the two diffusing impurities. 


AR becomes greater than 0.3, the retarding fields become dominant. 
Therefore, this region is of slight interest in the design of a high-frequency 
transistor. 

4.5 A Sampte Dusian. By superimposing Figs. 11, 12 and 13, the 
ranges of I's, T';/I'g and A, which are consistent with desired values of 
y, gp and AR, can be determined by the area enclosed by the specified 
contour lines, It is also possible to compare the measured parameters of 


a specific device and observe how closely they agree with what is predicted 
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from the estimated concentrations and diffusion coefficients. This is done 
below for the transistor described in Sections 1 and 2. 

The comparison is complicated by the fact that the exact values of the 
surface concentrations and diffusion coefficients are not known precisely 
enough at present to permit an accurate evaluation of the design theory. 
However, the following values of concentrations and diffusion coefficients 
are thought to be realistic for this transistor (Ref. 1): 


N, = 5 xX 108 D, = 3 X 107? t, = 5.7 X 108 
Nz = 4 X 10!” Dy = 2.5 X 1071! to = 1.2 x 103 
N3 = 10! 


From these values it is seen that 


From Fig. 9, « = 1.9 and from Fig. 10, 8 = 3.6 and therefore w = 1.7. 
Measurement of the emitter and base layer dimensions showed that these 
layers were approximately the same thickness, which was 3.8 X 10-4 em. 
Thus the measured ratio of emitter width to base width of unity is in 
good agreement with the value of 1.1 predicted from the assumed con- 
centrations and diffusion coefficients. 

From Fig. 11, I2/I; ~ —0.01. If this value is substituted into (6), 
y = 0.997. This compares with a measured maximum alpha of 0.972. 

From Fig. 12, J, = —15. Assuming an average hole mobility of 350 
em?/volt sec and evaluating L; from the measured emitter thickness 
and the calculated «, (7) gives a value of g, = 1.7 X 10-4* mhos per 
square. The geometry of the emitter and base contacts as shown in Fig. 
3 makes it difficult to calculate the effective base resistance from the 
sheet conductivity even at very small emitter currents. In addition at 
the very high injection levels at which these transistors are operated the 
calculation of effective base resistance becomes very difficult. However, 
from the geometry it would be expected that the effective base resistance 
would be no greater than 0.1 of the sheet resistivity or 600 ohms. This 
is about seven times larger than the measured value of 80 ohms reported 
in Section 2, 

From Fig. 13, AR is approximately 0.20. Thus there should be an over- 
all aiding effect of the built-in fields. In addition the impurity gradient 
at the emitter junction is believed to be approximately 10?4/cm* and the 
space charge associated with this gradient will extend approximately 
2 10-5 em into the base region. The base thickness over which re- 
tarding fields extend is AR times the base width or 7.6 * 10-5 cm. Thus 
the first quarter of region R will be space charge and can be neglected. 

The frequency cutoff from pure diffusion transit is given by 


f 2.43D 
“ oew? 


where W is the measured base layer thickness, Assuming D » 26 om*/seo 
for electrons in the base region, f4 = 67 mo, Since the measured cutoff 





(8) 
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was 120 me, the predicted aiding effect of the built-in field is evidently 
present. 

These computations illustrate how the measured electrical parameters 
can be used to check the values of the surface concentrations and dif- 





























Fic. 18 Dependence of the built-in field distribution on concentrations and 
diffusion lengths. The lines of constant AR indicate the fraction of 
the base layer thickness over which built-in fields are retarding. The 
ordinate is the surface concentration (in reduced units) of the dif- 
fusant which determines the conductivity type of the base layer and 
the abscissa is the ratio of the diffusion lengths of the two diffusing 
impurities. 


fusion coefficients. Conversely knowledge of the concentrations and 
diffusion coefficients aid in the design of devices which will have pre- 
scribed electrical parameters. The agreement in the case of the transistor 
described above is not perfect and indicates errors in the proposed values 
of the concentrations and diffusion coefficients. However, it is sufficiently 
close to be encouraging and indicate the value of the calculations, 

The discussion of design has been limited to a very few of the important 
parameters, Junction capacitances, emitter and collector resistances are 
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among the other important characteristics which have been omitted here. 
Presumably all of these quantities can be calculated if the detailed struc- 
ture of the device is known and the structure should be susceptible to the 
type of analysis used above. Another fact, which has been ignored, is 
that these transistors were operated at high injection levels and a low 
level analysis of electrical parameters was used. All of these other factors 
must be considered for a detailed understanding of the device. The object 
of this last section has been to indicate one path which the more detailed 
analysis might take. 


5 CONCLUSIONS 


By means of multiple diffusion, it has been possible to produce silicon 
transistors with alpha cutoffs above 100 me. Refinements of the described 
techniques offer the possibility of even higher frequency performance. 
These transistors show the other advantages expected from silicon such 
as low saturation currents and satisfactory operation at high temperatures. 

The structure of the double diffused transistor is susceptible to design 
analysis in a fashion similar to that which has been applied to other junc- 
tion transistors. The non-uniform distribution of impurities produces 
significant electrical effects which can be controlled to enhance appre- 
ciably the high-frequency behavior of the devices. 

The extreme control inherent in the use of diffusion to distribute im- 
purities in a semiconductor structure suggests that this technique will 
become one of the most valuable in the fabrication of semiconductor 
devices. 
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INTRODUCTION TO MEASUREMENTS AND 
CHARACTERIZATION 


It is, of course, obvious that measurement and characterization tech- 
niques are an inseparable part of transistor technology. In Volume I 
the measurement of materials properties, such as resistivity, conductivity 
type, lifetime and the properties of junctions, including their location, 
is adequately covered. In this division of Volume III we are adding to 
this area of interest a survey of the methods for assessing the surface as 
well as the volume lifetime of semiconductors. Newer techniques such as 
the Many and PME methods are compared to older procedures. 

Also included is a chapter on device parameter measurement, and, for 
completeness, the IRE Standard on Methods for Testing Transistors. 
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Chapter 9 





METHODS FOR DETERMINING 
VOLUME LIFETIMES AND SURFACE 
RECOMBINATION VELOCITIES 


Theory and experimental techniques are described for various methods 
by which lifetimes and surface recombination velocities of excess current 
carriers in semiconductors may be found. All methods involve the in- 
jection of carriers, and the more usual experimental quantities are: 
conductance change; change in reverse current, zero-bias conductance, or 
floating potential of a point contact; and current or potential associated 
with applied magnetic field. The theoretical relationships are given in 
ambipolar form and have general application to semiconductor material 
of any resistivity in either conductivity type. It is assumed that times 
in traps before recombination or release are small compared with the mean 
lifetime, so that trapping effects may be neglected. Relative advantages 
of drift, conductivity-decay, junction-recovery, diffusion-length, photo- 
magnetoelectric, and other methods are considered, and certain improve- 
ments are pointed out. 


INTRODUCTION 


Recombination of excess current carriers has significant influence on 
the behavior of semiconductor devices. The apparent lifetime of injected 
carriers is determined by recombination in the volume of the semicon- 
ductor as well as on its surface. It is generally desirable to minimize 
recombination, since large apparent lifetimes favor, for example, small 
reverse saturation currents in p-n. diodes and large values of alpha in 
transistors. 

Recombination in the volume is characterized by a volume lifetime, 
r, and on the surface, by a surface recombination velocity, s, For con- 
centrations of excess carriers which are not too large, the rate of recom- 
bination on the surface per unit area is proportional to the excess carrier 
concentration very near the surface, The velocity «, defined as the ratio 
of these quantities, is then constant, The values of # and © for large 
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concentrations of excess carriers may differ significantly in some cases 
from those for small concentrations (Ref. 1). 

This chapter reviews, briefly, several of the methods which have been 
used for determining 7 and s. While some methods can serve for both 
7 and s simultaneously, samples are generally prepared to permit the 
determination of either r or s. All methods involve the injection of car- 
riers and are based on theory which gives the injected carrier concen- 
tration as a function of the space coordinates and, for some, also time. 
The more usual experimental quantities are: conductance change; changes 
in reverse current, zero-bias conductance, or floating potential of a point 
contact, which provide a measure of injected carrier concentration near 
the contact (Ref. 2); and current or potential generated with applied 
magnetic field. 

The condition of local electrical neutrality applies as an excellent 
approximation in the volume of the semiconductor. That is, with in- 
jection, the respective total concentrations of excess electrons and holes, 
including not only mobile electrons and holes but also trapped ones which 
do not contribute directly to conductivity, are very closely the same at 
any point. Even fairly small departures in relative concentration from 
this condition would be associated with space-charge fields much larger 
than the moderate fields which actually occur. The concept of injected 
minority carriers relates simply to the circumstance that injection is 
frequently accomplished through an emitter of material of the opposite 
conductivity type, for example, into an n-type semiconductor through a 
junction with p-type material or through a p-type inversion region under 
a point contact. With optical injection, electron-hole pairs are generated 
by the absorbed radiation, and with injection at a junction with more 
strongly extrinsic material of the same conductivity type, it is proper 
to speak of injected majority carriers. With injection into an intrinsic 
semiconductor, distinction between minority and majority carriers cannot 
be made. All cases of injection are thus essentially equivalent if, as will 
be assumed, there is no trapping. The concentrations of excess mobile 
holes and electrons then being equal, it is the excess mobile carrier con- 
centration Ap for either holes or electrons with which both experiment 
and theory are concerned. The theory to be given assumes, in particular, 
that times in traps before recombination or release are small compared 
with the mean lifetime, so that trapping may be neglected. Even if there 
is appreciable trapping, this theory can often still be applied to the 
transient behavior of carriers injected above a steady injection level 
which largely fills the traps. 

It has been shown (Ref. 3) that the transport of Ap is characterized by 
a group mobility 


B* = Cuntp(n — p)/o = (n — p)/(n/up + P/Hn), (1) 
and by a diffusivity 
Dw kT unay(n + p)/o = (n+ p)/(n/Dp + p/Dn). (2) 


The sign of u*, respectively positive or negative for n- or p-type material, — 
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implies drift with or opposite to the total current density (Ref. 4). The 
quantities .* and D depend in general on the space coordinates and time, 
since the concentrations n and p include Ap. For relatively small Ap, 
or the small-signal case, however, values uo* and Do apply which correspond 
to the thermal equilibrium values of n and p (and conductivity c). As 
the second forms of the equations show, for strong?y extrinsic material 
vo* and Do are approximately equal in magnitude to the mobility, u, or 
Hp, and diffusion constant, D, or D», of the minority carriers as such. For 
intrinsic material or for relatively large Ap, on the other hand, the general 
group mobility 4* is zero. The excess carrier concentration then does not 
drift, regardless of applied field; it simply diffuses, with D equal to 2D,D,/ 
(Dr + Dp). With the use of mobility yo* and diffusivity Do, the small- 
signal methods of this chapter have quite general application to semi- 
conductor material of any resistivity in either conductivity type. Depend- 
ence of 4o* and Dp on resistivity is given for germanium in Reference 3. 

Methods other than those discussed in this chapter include ones based 
on the Suhl (Ref. 5) and magnetic rectifier (Ref. 6) effects, with which 
carriers are deflected by a magnetic field to a surface; recombination on 
this surface may thus be studied. Methods have been employed based 
on the steady-state photoconductance (Ref. 7) and on the relative ampli- 
tude and phase of the ac photoconductance for light intensity with a 
sinusoidally varying component (Ref. 8). The choice of a method 
depends, of course, on the particular experimental features and require- 
ments involved. 


TRANSIENT METHODS 


The drift method of Haynes and Shockley (Ref. 9) was the earliest 
method of measuring lifetime, and it is sometimes still used, with certain 
modifications (Ref. 10, 11), usually as a check on other methods. It 
is perhaps not so convenient or versatile as later methods which will be 
described. With this method, a pulse of injected carriers is swept along 
a filament by an externally applied field to a collector, as in measurement 
of drift mobilities. The response of the collector, assumed proportional 
to excess carrier concentration, is measured as a function of the time car- 
riers spend in the rod before arriving at the collector. This time may be 
varied by changing the applied field or the distance between collector and 
emitter. 

With filament-lifetime methods, the decay of the increased conductance 
of a filament with time after injection of excess carriers is measured, 
This decay is largely exponential; there is generally a sharp initial decay, 
more rapid than that of the principal exponential mode, which results 
entirely from surface recombination. This “peaking” of the response 
is accentuated if carriers are injected, say, optically over one surface; the 
initial response with a short-duration light pulse in units of the extrap- 
olated initial amplitude of the principal decay mode is, indeed, a direct 
measure of ¢ alone, On the other hand, if surface recombination is 
negligible, then the entire decay is given by exp (=t/r), In general, the 
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principal decay mode, on which most transient methods are based, is 
given by exp (—v,t) where 1, is a filament decay constant given by 

y=eri+ty,= a: (3) 
where v, is a surface decay constant; 7, is referred to as the filament 
lifetime. 

Solution of the small-signal continuity equation (Ref. 3) in excess 
carrier concentration provides y,. The initial condition corresponds to 
the particular injection geometry and does not affect the principal decay 
mode, which appears as the leading term of an infinite series. The 
boundary conditions specify that the transverse electron or hole flow 
densities at the surfaces are sAp in magnitude. The change in conduc- 
tance is proportional to the total number of excess carriers present, 
regardless of their spatial distribution. It is accordingly found that 


ae 12), if s is the same on all lateral surfaces of a rectangular filament, 
then 


ve = Do(m?/yo? + $17/207) (4) 

where 7; and ¢; are the smallest roots of 
my tan 1 = syo/Do 
$1 tan [1 = szo/Do, 


with yo and zp the transverse half-dimensions of the filament. The roots 
may be found from tables (Ref. 13). If s is large, 7; and ¢; equal a/2, 
so that », is given by 


(5) 


¥e = (4*Do/4) (yo? + 20-2) (6) 


and depends only on Do and the transverse dimensions. If s is small, then 
m ~ (sYo/Do)” and §1 ~ (szo/Do) so that v, is given by ¥ 


ve = 8(yo | + 20?) (7) 


and is proportional to s. For a filament of square cross-section, equation 
(4) may be written as 


veyor/Do = 2m?. (8) 


For this case a curve (Ref. 12) of vsyo?/Do versus S = syo/Do = m tan 
m can be constructed by assigning values of 7. Knowledge of 7 and 
measurement of filament lifetime 7; give v, and hence v,497/Do, and the 
curve then gives S and hence s. If s is large, so that equation (6) very 
nearly applies, then s cannot, of course, be determined accurately. In 
practice, a convenient geometry for determination of s is that of the long, 
thin slab whose larger transverse dimension may be neglected in equation 
(4). An analysis similar to that for the square filament then applies but 
with ».yo0"/Do = m7, if the z dimension is the larger, The assumption 
that {17/zo is negligible may be checked by use of the relationship 
tan $1 = (z0/yo) m tan m. An alternative procedure for the slab is to 
obtain s directly from 


8 = (Dory) tan [yo(%4/Do)"). (9) 
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Similar results apply for the filament of circular cross-section, whose 
surface decay constant is given by 


ve = Dom?/r? (10) 
if length is large compared with the radius r. Here 7;, the smallest root of 
nJ1(n) = (sr/Do)Jo(n), (11) 


in which J;(m) and Jo(n) represent Bessel functions, may be found from 
a table (Ref. 18). These equations give v, = 2s/r for s small and », = 
5.78Do/r? for s large (Ref. 14, 15). 

Measurement of 7; does not, of course, suffice to determine both 7 and 
s. To determine 7 from a filament lifetime measurement, the specimen 
should be of sufficiently large transverse dimensions and small s, in order 
to minimize the contribution of surface recombination. To determine s, 
on the other hand, a thin slab or square filament of material of suitably 
large volume lifetime may be employed. 

In the photoconductivity-decay method (Ref. 15, 16), short pulses of 
light of 1 to 10 usec duration are generally furnished at a low repetition 
rate by a spark source or by a rotating mirror. A small de measuring cur- 
rent flows through the specimen and the exponential change with time of 
voltage across the specimen or across a resistor in series is followed on an 
oscilloscope. Filament lifetime 7; may be obtained from the half-life 
tu, by use of zr = 7x/In 2, or, more conveniently and accurately (Ref. 17), 
by matching a curve furnished by a calibrated exponential generator on 
a dual-trace oscilloscope. A schematic diagram of the Haynes-Hornbeck 
arrangement is shown in Fig. 1. The end contacts should be shielded from 
the light to prevent photovoltaic effects which may cause difficulty in 
interpreting the decay curves. Penetration of the light fairly uniformly 
through the specimen, obtainable with a filter of the same semiconductor 
material, expedites the onset of the principal decay mode. Slow release 
of carriers from non-recombining traps may cause very slow decay, 
especially in silicon, the decay curves exhibiting ‘“‘tails.”’ These may be 
eliminated by sufficiently strong dc illumination which fills the traps 
(Ref. 10, 16). The decay from different amplitudes should be examined in 
order to find the exponential range—to ascertain, in particular, that non- 
recombining traps are not causing error and to identify properly any 
sharp initial decay corresponding to higher modes. The measuring field 
should be kept low, the maximum being that for which changes in ob- 
served lifetime begin to appear. 

The photoconductivity-decay method has been widely used for deter- 
minations of both r and s. It is generally rapid and convenient, if ex- 
perimental conditions are such that the sample can be exposed to light, 
and if either surface or volume recombination can be suitably minimized. 
Determination of r, in a selected region of a specimen may, furthermore, 
be effected by illuminating only this region, 

Other conductivity-decay methods have been developed with which 
carriers are injected electrically (Ref, 18 to 20) rather than optically, 
These have the advantage in surface studies that the sample need not be 
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exposed to light; protective coatings and controlled atmospheres can 
then be studied more conveniently. One procedure (Ref. 18, 19) consists 
essentially in injecting excess carriers into a rod of germanium at soldered 
or plated contacts by an electrical pulse of sufficient amplitude and 
duration to spread them throughout the length of the specimen. A small 
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Fic. 1 Schematic diagram of equipment for photoconductivity-decay filament- 
lifetime method; and oscilloscope trace for photoconductivity-decay ex- 
periment in which filament conductance decays as exp (—t/r,) after 
the light pulse is off. Filament lifetime may be obtained from the curve 

= as ry/ In 2 although it is more convenient and accurate to match on a 
dual-trace oscilloscope a curve furnished by a calibrated exponential 
generator. S 


constant current is maintained through the sample (of polarity opposite 
to that of the pulse) and the change of voltage across the specimen after 
the end of the pulse is followed on an oscilloscope. The oscilloscope 
curves are largely exponential and filament lifetime can be obtained 
directly from these curves if 7; is small compared with the transit time 
under the de measuring potential, as generally obtains in practice if ry is 


no larger than the duration of the pulse. For long lifetimes, however, 
with 7, not small compared with this transit time, a modified analysis 


must be used to take account of carriers which, during the decay, flow 
back out of the specimen undef the measuring potential, 


In the Many bridge method (Ref, 20) filament lifetime is measured by | 
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observing the initial decay of voltage during a constant-current injecting 
pulse, as conductance increases exponentially toward a steady-state value 
for which the injection at one end is balanced by recombination along 
the filament and removal at the other end. The voltage across the fila- 
ment is balanced against that across a resistor in an RC circuit in which 
the capacitor is being charged by the pulse. Bridge balance is indicated 
by a horizontal line on an oscilloscope. Filament lifetime 7; is then the 
product of the resistance and the capacitance and may be read from a 
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Fic. 2 Junction recovery method. Carriers are injected across the junction by 
a forward pulse, and then collected by reversing the polarity. If the for- 
ward and reverse currents are equal, + ~ 4t}. 


calibrated dial. Care should be taken to exclude the portion of the 
initial response which contains higher modes. The nature of the electrical 
contacts is important; the injection ratio y must be low so that Ap< No: 
However, y is approximately proportional to current so that sufficiently 
low y may be obtained by proper adjustment of current. The contact 
toward which the injected carriers flow should be non-rectifying. This 
method, which has been used for studies of s (Ref. 7), appears to be 
suitable for quick and repeated measurements; the calibrated dial 
feature is convenient. 

Lifetimes near junctions, which exert an important influence on device 
properties, have been determined directly by a method in which carriers 
are injected across the junction by a forward pulse and then collected by 
reversing the polarity (Ref, 21), A simplified schematic diagram of a 
cireuit whieh has been used and a typical oscilloscope trace are shown in 
Vig. 2. Immediately after awitching to reverse bias, as minority carriers 
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are collected back across the junction, there is a relatively large current 
which is circuit-limited at a constant value for a time ¢t,, called the 
recovery time, and then decays to the reverse saturation current. Lifetime 
of the carriers injected into the higher resistivity region may be deter- 
mined from 


erf (¢,/7)* = (1 + Ip/Ip)™ 


in which Ip and Ip are the reverse and forward currents. It is assumed 
that all dimensions of the higher resistivity region are large compared 
to a diffusion length (Dor). If the biases are adjusted so that Ip and Ip 
are equal, then 7 ~ 4t;. While the method is used primarily with devices 
in which a junction is already present, junctions may be produced in 
p-type silicon by diffusing lithium at temperatures of 400-500°C at 
which appreciable permanent change in lifetime does not occur. Values 
as low as 0.02 usec, and as high as 150 psec, have been measured by the 
junction-recovery method, the lower limit of measurable lifetime being 
determined by the rise time of the oscilloscope. 

A bombardment-conductivity-decay method, with injection by means 
of electrons from a pulsed van de Graaff generator, has been developed 
to determine short lifetimes and to study rapid trapping effects (Ref. 22). 
With electrons of energy about 1 Mev, source pulses some 10~? psec in 
duration and duty cycle about 10-7 have been employed which generate 
electron-hole pairs in silicon at a rate of about 102°/cm3sec. It has been 
estimated that under these conditions radiation damage will result in a 
reduction of volume lifetime from large values to roughly 100 psec in 30 
days, a rate of reduction which is generally negligible (Ref. 23). Life- 
times as short as 10-? psec have been determined by this method. 

Theoretical curves have been given for a transient method which ap- 
plies to massive samples, and with which both r and s can be found simul- 
taneously (Ref. 24). This proposed method is based on the decay of 
surface concentration following uniform illumination by a pulse of non- 
penetrating light over the plane surface of a semi-infinite semiconductor, 
Theoretical results have also been given for the photocurrent into a p-n 
junction perpendicular to the surface from an instantaneous point source 
or line or plane source parallel to the junction. 


STEADY-STATE METHODS 


Dirrusion-LenctH Metuops. Steady-state methods for finding r and 
s are often based on the determination of an apparent diffusion length Ly 
from the dependence of the response of a detector on the distance from 
it at which carriers are injected. This detector may be a p-n junction 
or a reverse-biased point contact (Ref. 25), providing, respectively, cur- 
rent of minority carriers into the junction or a measure of excess carrier 
concentration near the surface. Another method of detection is based 
on measurement of the change in (the free-carrier contribution to) infra« 
red absorption with injection or extraction of carriers (Ref, 26), If a 
point contact detector is used, it should be kept fixed in location in order 
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that its calibration remain unchanged. With a fixed detector, light pro- 
vides means for reproducible injection at distances which may conveni- 
ently be varied by use of a micrometer stage. For convenience in instru- 
mentation, chopped light is frequently employed; the rms voltage fluc- 
tuation across a resistor in series with the detector then gives detector 
response. With chopped light, steady-state solutions generally apply, 
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Fic. 3 Illustration of the Goucher method for determining filament lifetime 
from diffusion length. The slope of the line shown gives L, = 0.068 
em, and with Dy = 47 cm?/volt-sec for n-type germanium, 7; = 100 psec. 


provided both the time on and time off are large compared with z times 
the volume lifetime + and with the larger of x°/4D, and x,/(Do/r)% 
where 2, is the distance between detector and source. 

For a slab or filament the dependence of the relative response on dis- 
tance x, between emitter and detector is simply exponential for x, large 
compared with a dimension of the cross section. By way of definition 
of La, this dependence is exp (—a,/Lq). Fig. 3 illustrates a typical re- 
sponse of this type. A consequence of surface recombination is that as 
the emitter approaches the detector the response increases more rapidly 
than this exponential would give, The steady-state distance dependence 
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is, in this respect, quite analogous to the time dependence in transient 
cases. It can be shown that, if there is no applied field, then the true 
diffusion length L = (Dor) is given by 


L = La/(l — (m?/yo? + 17/207) La?) (12) 


for the rectangular filament. This relationship is consistent with the 
definition of LZ, in terms of filament lifetime 7; in accordance with 


La = (Dory) (13) 


and with the dependence of ry on 7 and the surface decay constant », 
given by equations (3) and (4). All of the applicable equations from 
equation (3) on may be used to determine 7 or s from a measurement of 
ty by a diffusion length technique. For L large compared to La, or negli- 
gible volume recombination, equation (12) reduces to 


La = (01?/yo? + £17/207)—*, (14) 


as obtained by setting the denominator equal to zero. If in addition syo 
and szo are small compared to Do, then 


La = (Dwo/s)” (15) 


holds, where wp is the harmonic mean yo2o/(yo + 20) of the half-dimensions 
of cross-section. 

A variant of the diffusion-length method is the “flying-light-spot” 
method (Ref. 27). A light spot is caused to scan the filament across the 
detector. The response then still decreases exponentially with increasing 
distance from the detector, but does so more gradually as the spot moves 
towards the detector and more sharply as the spot moves away. This 
dependence of response on relative velocity permits determination of the 
diffusivity as well. 

The diffusion-length method of measuring filament lifetime has some- 
times given erroneous results, especially with silicon, because of surface 
inversion layers (Ref. 28). The effects of back-scattered light and non- 
linear collection with silicon have also been investigated (Ref. 10). 

The Harrick infrared-absorption method permits determination of 
carrier concentration distributions in the volume, which may be analyzed 
to give both 7 and s. It has been applied to cases of injection and also 
extraction (corresponding to negative Ap) at p-n junctions (Ref. 26), 

Various methods are available for the determination of + and s from 
steady-state measurements on massive samples. These methods are, in 
principle, similar to the diffusion-length method for the filament (Ref. 
25); they are based on theory for the diffusion of carriers injected at the 
surface of a semi-infinite semiconductor. The experimental arrangement 
is essentially that of a method for volume lifetime described elsewhere 
(Ref. 29). It should be noted, however, that it is preferable to use a 
geometry of illumination of the surface other than the infinite linea 
semi-infinite plane, for example, Also, as measurements with the infi« 
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nite-line source for the determination of +r have shown, the condition of 
negligible surface recombination is frequently not so easy to realize in 
practice as the condition that the product sz, of surface recombination 
velocity and distance between detector point and the nearest part of the 
illuminated region be large compared with Do. Approximate analytical 
solutions for this condition, as well as general curve families from which 
both + and s can be found, are given in the literature (Ref. 24) for various 
geometries of illumination. 

In particular, illumination over a semi-infinite plane can introduce 
more carriers and therefore give better response of the detector point 
without the departure from the assumed ideal geometry associated with 
width of a line source. This width introduces comparatively less error if 
the line is semi-infinite and pointed directly toward the detector point. If 
this source or a point source is used, the response for negligible surface 
recombination varies simply as exp (—,/L) where x, is the distance from 
the source to the detector point, from which the diffusion length L can 
easily be found. A result that is similar, but not subject to the error 
associated with the diameter of the point source, obtains with the “dark- 
spot” method (Ref. 30) with which the detector is at the center of a 
circular dark spot whose radius r can be changed, and for which the 
response varies as exp (—r/L) for negligible surface recombination. 
With this method, the detector must (without changing its location) be 
kept centralized with suitable accuracy; spurious peaking of the response 
as r is decreased may otherwise result. The dark-spot geometry has the 
advantage of providing the largest possible response at given distance 
between the detector and the edge of the illuminated region. In practice, 
however, this response is presumably not very significantly larger than 
that with the proposed method of illumination over a semi-infinite plane, 
which should lend itself to slightly more convenient instrumentation. 
With this geometry, r and s may readily be found from logarithmic plots 
of response data in conjunction with the appropriate theoretical curves 
(Ref. 24). 


PHOTOMAGNETOELECTRIC MerHops. The photomagnetoelectric (PME) 
effect, a Hall effect associated with the diffusion of optically injected car- 
riers (Ref. 31, 32), which was first observed in cuprous oxide by Kikoin 
and Noskov (Ref. 33) in 1934, has, in recent years, been employed for the 
determination of r and s by Aigrain and Bulliard (Ref. 34, 35), Moss, 
Pincherle and Woodward (Ref. 36), and others (Ref. 37 to 41). Its prin- 
ciple and a diagram of an experimental arrangement are shown in Fig. 4. 

Strongly absorbed light produces a large concentration of excess car- 
riers at the illuminated surface if s for this surface is not too large. These 
electrons and holes diffuse across the slab and are deflected respectively 
to the right and left at Hall angles @, and 6, by applied magnetic field H. 
As indicated in the figure, the electron and hole currents add, and, under 
the short-circuit condition, give a total PME short-circuit current density 
7, to the left, Under the open-ecireuit condition, the short-circuit cur. 
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rent for the slab is just canceled by the drift current to the right associated 
with the constant PME open-circuit field #,(°) to the right, or 
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Fic. 4 The PME effect in an infinite semiconductor slab; and experimental ar 
rangement by which S or + may be determined from the ratio of PME 
current to relative conductance increase produced by the light. 


is the PME current for unit width along the magnetic field, with @ the 
corresponding conductance of the slab. Since J,“ is not uniform across 
the slab as a result of recombination, but is largest near the illumina 
surface, it follows that the total open-circuit current density 7,“ cons 
tutes a circulating current. If volume recombination is not too slight 
this is principally photomagnetoelectric, and to the left near the illumina 
surface, over a minor fraction of the thickness, and principally a d 
current to the right of smaller average density over a major fraction of 
thickness, 

It is desirable to measure not only the PME short-circuit current 7 
but also the relative conductance increase AG/Gy at the same light 


Chapter 9: METHODS FoR DETERMINING LIFETIMES AND VELOCITIES 321 


tensity but without magnetic field. Expressed in terms of AG/Go, the 
PME current (or field) does not depend explicitly on light intensity @ 
(or rate of photon absorption per unit area) or on the recombination 
velocity s, for the illuminated surface, so that it is not necessary to know 
these quantities. Small Hall angles are assumed, the theoretical results 
being obtained in terms of the sum 6 = |6,|+ 6) = 10-°(uayz + upx)H 
of the magnitudes of the Hall angles for electrons and holes, where uny 
and upx are the respective Hall mobilities in em?/volt sec and H is the 
magnetic field in gauss. Special cases of the small-signal theory are as 
follows: 
For a “thick” slab, at least several diffusion lengths thick, 


I®) = —GjE,© = —6eRL(s8,L/Dp + 1)7 
= —6(Do/r)4(un + itp) AG 


holds, where L = (Dor)”. This result is useful for determination of 7 
(and s; as well, if ® is known). 

For a “‘thin”’ slab, a small fraction of a diffusion length in thickness, the 
result is 


(18) 


T©) = —GeR-2yoS'o(S': + S’2 + 28'S8’s)—? 
—O(un + Up) *82(1 + 82¥0/Do)—! AG 


in which S’; = syyo/Do and S’z = sgyo/Do may be used to determine Se, 
the dark surface recombination velocity (and s, as well, if ® is known). 
For sz large compared with s; and Do/rsj, lifetime 7 may be found from 


I®) = —6eRL(s:L/Do + coth 2Yo) 
—8(Do/T)* (un + Hp)? coth Yo- AG, 


(19) 


(20) 


where Yo = yo/L. 

The general results for the small-signal case may be found in the literature 
(Ref. 31) as well as families of curves from which so or r may be found for 
arbitrary light intensities, from the small-signal range into the non-linear 
range (for which D differs from Do) and for slabs of any thickness. These 
curve families give the ratio of PME short-circuit current to conductance 
increase in terms of quantities from which sg or 7 can be found. Experi- 
ments (Ref. 42) on germanium over an extended range in light intensity 
have shown good agreement with this theory. Also, for a wide range of 
volume lifetimes, values determined by the PME and photoconductivity- 
(decay methods have been found to agree closely. 

It frequently suffices, of course, to find s or r for the small-signal range 
only, For this purpose, equations (19) and (20) may be written in the 
forms 

82 = (Do/Yo)[2/(2 — B)) (21) 
and 
2Yo coth Yo = 2, (22) 
where 
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= g/(AG/G)) = = [ —|> 23 

B = 3/(AG/Go) Wl ecDo Go (23) 


with J the measured short-circuit PME current, and W the width of the 
slab along the magnetic field. For the thick slab, equation (22) reduces 
to 2Yo = 8, which is equivalent to equation (18). With the method for 
82 of equations (19) and (21) which is based on negligible volume re- 
combination, the presence of some volume recombination will give larger 
8 and an apparent 82 larger than the true one. If, however, 7 is determined 
independently and is not too small, then the correction 


68 = [2 — 4(1 + 8Do/2seyo)/3(1 + Do/sa¥o)"1¥o" (24) 


for slight volume recombination can be applied. This correction is valid 
for slabs not exceeding about one diffusion length in thickness. It re- 
duces respectively to 2Yo? and 4Y,? for small and large se. 

For the small-signal range, the quantities J and AG are measured at 
a light intensity sufficiently small so that their ratio does not vary sig- 
nificantly with light intensity. Magnetic field intensity should be suffi- 
ciently small—no more than about 2500 gauss for germanium—so that 
appreciable magnetoresistance does not occur. With germanium, a tung- 
sten lamp and a 1 to 2 cm water filter have been found to provide strongly 
absorbed light. For silicon, cutoff is required at a shorter wavelength 
than this arrangement provides. Soldered contacts have been used on 
germanium, one at each end and two spaced relatively widely on either 
the dark or the illuminated surface. 

Chopped light of suitably long on and off times may be employed in 
PME measurements, as previously indicated for steady-state methods in 
general. The steady state of the PME effect is established about as 
quickly as that for the photoconductance (Ref. 35, 43). With chopped 
light in the small-signal range, measurements are conveniently made 
with a bias between end electrodes that balances out the PME voltage 
towards the end of the on cycle; this bias gives a current equal in magni- 
tude to the PME short-circuit current towards the end of the off cycle 
(Ref. 44). A PME method has been described which involves illumina- 
tion with a sinusoidally varying component of intensity. Provided vol- 
ume lifetime is sufficiently large, this method (Ref. 38) provides it in 
terms of the relative phase of PME and photoconductive response. An- 
other method is based on the dependence of the PME response on wave- 
length of the incident light (Ref. 41), theory for which has been given by 
Gartner (Ref. 45). 

The PME methods, though under certain conditions not so convenient 
as some other methods, appear to have advantages of accuracy and versa- 
tility. They have been employed, for example, to study surface abrasion 
damage (Ref, 42), and have served for the determination of very small 
as well as large lifetimes and surface recombination velocities (Ref, 42, 
44, 46), 
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Chapter 10 
DEVICE MEASUREMENT 


While there are no new theoretical problems involved in the measure- 
ment of transistors, their impedance levels and other characteristics have 
posed some new practical difficulties, 

In the Alsberg paper, the various possible choices of parameters to be 
measured are discussed, together with the practical factors influencing 
such choices. 

The second part of this chapter is the IRE standard on transistor meas- 
urements. IRE standards on definitions of terms and letter symbols for 
semiconductor devices are included in the appendix to the volume. 


10A. TRANSISTOR METROLOGY * 


D. A. ALSBERG 


Transistor test methods, conditions, accuracies, and apparatus are re- 
viewed and evaluated in terms of the needs of the transistor measurement 
clientele. By stressing absolute measurement, and those parameters and 
methods which best satisfy the practical needs of the vast majority, prin- 
ciples are outlined which permit reduction of the great variety of methods 
and apparatus. 


INTRODUCTION 


When the vacuum tube was invented it opened up new fields of tech- 
nology which developed simultaneously with the development of the tube. 
Measurement techniques were developed concurrently as need became 
apparent. As a result, no single concentrated effort was ever made to 
study the over-all problems of vacuum tube metrology. 

_The transistor was invented at a time when electronic techniques were 
highly developed; a ready market existed for diversified immediate ap- 
plications of the transistor, This situation stimulated intense effort to 
provide transistors of suitable characteristics for a wide variety of appli- 
cations, However, such an intense development effort can be sustained 
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only if quantitative measurements can be made which at least indicate if 
certain technological measures result in better or poorer performance in 
relation to the objective. To achieve even a minimum quantitative meas- 
urement of value, one must examine first what quantities have to be 
measured, and then how to measure them. The initial work is usually 
done by the researcher pioneering a given field. However, to him the 
measurement problem is only a secondary one, to be pursued just far 
enough to permit him to reach his primary research objective. The field 
of transistor metrology has now grown to the point where one has to re- 
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Fic. 1 Transistor measurement clientele. 


examine what should be measured, and how it should be done, in order to 
reduce the wide variety of existing techniques to the least number required 
for simple and adequate measurements. 

In an appraisal of the problem of transistor measurement, the first 
obvious fact is that the needs of four separate groups, with potentially 
different requirements, must be considered. These four groups may be 
designated: Transistor Designer, Transistor Fabricator, Circuit Designer, 
and Circuit User, as shown in Fig. 1. The foremost of these is naturally 
the Transistor Designer, but his success will be dependent upon the estab- 
lishment and maintenance of clear lines of communication, linking all of 
the other groups to one another and to himself. A common, understand- 
able language must be employed throughout this interlocking communica- 
tion system, if efficiency is to be obtained. There is both precedent and 
logic in favor of describing the electrical performance of the transistor in 
terms of networks or equivalent circuit parameters, For small-signal low 
frequency applications the transistor characteristics can be related to 
over-all cireuit performance by linear circuit theory, For large-signal 
applications, the lack of classical non-linear circuit theory makes the 
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problem of correlation between transistor design and circuit performance 
more difficult. The effect of frequency upon both small- and large-signal 
characteristics further complicates the correlation problem. In addition, 
the variability of the transistor characteristics under the influence of 
environmental variables such as time, temperature, humidity, and shock 
are of great importance to both the Transistor Designer and the Circuit 
Designer. 

It can be established, then, that the Transistor Designer will require 
complex measuring apparatus, capable of determining many character- 
istics under many different conditions, with the maximum accuracy whic 
is economically feasible. For the Transistor Fabricator, the Designer 
must establish specifications which embody the parameters that are easily 
and accurately related to the internal physical mechanisms of the transis- 
tor. Doing this is necessary in order that production control may be 
exercised through known design techniques. The Transistor Designer 
must also furnish application data to the Circuit Designer. These data 
must be related to the external properties of the transistor in such a way 
as to enable the Circuit Designer to determine the most useful and prac- 
tical circuit configurations and element values. The Transistor Designer 
will be concerned further with process control and with special perform- 
ance tests which will be slanted toward determination of the influences 
of environmental variables. He must also establish performance limits 
which will guide the user in such respects as power dissipation, maximum 
currents and voltages, maximum temperature, and end of useful life. 

The Transistor Fabricator requires less complicated measuring ap- 
paratus than the Transistor Designer, since he is concerned only with 
production inspection and maintenance of sufficient process control to 
insure the required reproducibility. From his standpoint, the number of 
parameters to be measured should be a minimum, with precision of meas- 
urement sufficient only to insure a product that falls within specification 
limits. 

The Circuit Designer, like the Transistor Designer, requires precision 
apparatus that will measure all parameters under a wide range of condi- 
tions. In addition to special performance test and performance evalua- 
tion, he may need to check the application data or determine new data 
for new applications. 

The Circuit User requires the least complicated test apparatus of all the 
groups, because he is primarily concerned with failure detection and pre- 
diction and does not require accurate parameter measurements. 

The measurement requirements and interconnecting links of these four 
transistor groups, as shown graphically in Fig. 1, comprise a closed loop 
with user reaction flowing back to guide the Transistor Designer in 
further improvement. 

As the scope of this paper does not permit a complete discussion of 
transistor parameters, only a few highlights are presented here, 
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1 LOW FREQUENCY, SMALL-SIGNAL CHARACTERIZATION 


According to classical linear four-pole theory, the electrical behavior of 
a transistor may be described completely by specification of four inde- 
pendent parameters. One set of parameters immediately suggests itself 
from our present physical concept of transistor internal structure (Fig. 2). 
For the low frequency case, the quantities r., 7, 7-, and a may be identi- 
fied closely with the physical properties of the transistor bulk material 
and structure. This notation has the advantage of conveying a physical 
numerical concept of the transistor and simultaneously is independent of 
the actual circuit connection of the transistor. Unfortunately, the junc- 


al 
Te yet tg SON 


<—le 


th 


Fic. 2 Transistor equivalent tee. 


tion of the tee structure is not physically available to permit simple direct — 
measurement of the parameters; thus the internal parameters, 7, To, To 
and a, must be derived from the measurement of external four-pole 
parameters. 

The general linear four-pole equation may be written in a maximum 
of six permutations (Fig. 3), of which three have found practical applica- 
tion in transistor measurements. If the equations are written with the 
currents 7, and iz as independent variables, the z (or r) parameters result. 
When the voltages v; and ve are used as independent variables, the y 
(or g) parameters result, and if 1; and ve are independent variables, the 
h or hybrid parameters result. The z parameters have the advantage of 
providing the simplest conversion to re, 7, %, and a parameters. The 
requirement of open circuit measurements avoids the short circuit in-— 
stability of some point contact transistors. However, because 7, is large, 
particularly in junction units, it is difficult, if sometimes not impossible, 
to approach sufficiently the open circuit output condition. The y param- 
eters are measured by establishing virtual short circuit input and output 
conditions which obviate the difficulties encountered with large r,’s, but 
produce instability in some point contact transistors. The h parameters 
are well suited to both point contact and junction units, They require open 
circuit input and short cireuit output conditions, but yield coefficients with 
a mixture of dimensions, such as hy, input impedance, hy output admit. 
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tance, hy2 voltage division factor, ha: current multiplication factor; hence 
the name hybrid parameters is proposed here. However, the h parameters 
may be used directly in matrix analysis without conversion, a property 
which they have in common, of course, with any consistent linear equation 
notation. They also provide a clear insight into important factors affect- 
ing transistor circuit performance. hi; and hee provide the necessary in- 
formation for impedance matching, he: the available current gain, and Jy. 
the isolation and internal feedback performance. Thus specification in 
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Fic. 3 Four-pole parameter equations. 


terms of h parameters results in manufacturing limits advantageously re- 
lated to circuit performance. In addition, existing measurement tech- 
niques permit h parameter measurements most readily. These measure- 
ments are performed by use of known fixed or controlled input current and 
output voltage and measurement of input voltage and output current. The 
r, g, and h parameters are tabulated in Fig. 4. The choice of the parame- 
ters to be used in the actual measurement must necessarily be made on the 
basis of the best measurement technique available. However, it is pro- 
posed that these data, which are derived by external four-pole measure- 
ments, are always converted to the internal tee parameters for reference 
purposes, as the internal tee comes closest to representing a physical con- 
cept of transistor action and establishes a common yardstick for both 
transistor designer and transistor user, by which transistors of various 
types and manufacture may be compared easily, In addition the internal 
tee parameters are independent of device orientation, 
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LARGE SIGNAL MEASUREMENT METHOD) 


SMALL SIGNAL 
DEFINITION OF PARAMETER MEASUREMENT STATIC DYNAMIC 
METHOD CHARACTERISTIC | CHARACTERISTIC 
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Fic. 4 Impedance, admittance, and hybrid parameters. 


2 HIGH FREQUENCY, SMALL-SIGNAL CHARACTERIZATION 


As the frequency of transistor operation is increased, the simple 
equivalent tee structure becomes progressively less representative of the 
actual physical picture within the transistor. Transit time and internal 
reactance effects complicate the picture. In some instances, the measured 
external four-pole parameters are then the most useful. dn some high 
frequency transistors for oscillator service, conventional measurement 
techniques can collapse entirely when internal shunt capacitances provide 
effective internal short circuits, causing oscillation by short cireuit insta. 
bility. The parameters which, at present, are most commonly used to 
describe high frequency performance are; alpha (current gain) cutoff 
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frequency, the top frequency of oscillation a transistor may sustain in a 
specific circuit, collector capacitance, and base resistance. 

One additional complication has been paid little attention to, from both 
the characterization and measurement points of view. As the frequency 
of transistor measurement and operation is increased, neither effective 
short nor effective open circuits can be realized, and measurement must 
be performed between known finite terminations. Actually, precise meas- 
urement of the insertion properties of a four pole, such as insertion gain 
or loss and insertion phase, presents many advantages over the transfer 
properties measurement from an instrumentation point of view. At high 
frequencies the only known way to establish controlled precise connec- 
tions to the device under test is by means of accurate transmission lines. 
Insertion type measurements, with properly chosen impedance levels, are 
compatible with actual device operation, and thus yield, directly, numeri- 
cally significant data. To measure transistor parameters by the insertion 
technique is not as radical a concept as might appear on the surface. In 
network design and test the insertion type measurement has long been 
established and is much more frequent than the transfer type technique. 
As a historical note, one of the earliest, if not the first, precision measure- 
ment of transistor high frequency performance was made by the author, 
using high precision swept insertion transmission and phase measuring 
techniques. 


3 LARGE-SIGNAL CHARACTERIZATION 


(a) Power AppLicaTions. In power applications the same basic data 
as in small-signal applications are required. In addition, the degree of 
non-linearity or distortion of these parameters for various operating con- 
ditions and power limitations are of interest. Thus, static characteristics 
are useful. 


(b) Swirrcuinc Apptications. Again the small-signal parameters are 
of interest; also of interest are the cutoff current and breakdown voltage 
under non-operate condition, the conducting current under operate condi- 
tion, and the slope of alpha rise in the transition or switching region, in- 
cluding hole storage. 


THE MEASUREMENT PROBLEM 


Transistor measurements may be classified into point by point and 
sweep type measurements. Both classes may be performed by bridge type 
measurements, or by the measurement of currents and voltages. Typical 
bridge methods, including both variable bridge arms and substitution 
types, have been proposed by a number of workers in the field. However, 
most instrumentation, at present, is based on current and voltage meas- 
urement, Good techniques have been developed for obtaining constant 
voltage supplies and performing voltage measurement using electron tube 
techniques, Building of constant current generators and measurement of 
small off-ground currents pose new problems which have not as yet been 
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sufficiently investigated. Two methods for producing constant current 
generators predominate. One is the brute force way to apply constant 
voltage to a very large impedance. This approach becomes impractical 
for large currents, and for cases where the frequency of the currents is 
sufficiently high so that large impedances can no longer be realized. The 
second approach uses the output of a pentode as constant current source, 
sometimes with cathode feedback applied to increase further the internal 
plate impedance of the tube. 

The third approach is via the feedback type of regulator. This regu- 
lator relies on sensing the actual current flowing into the transistor, and 
then applying this information to a regulator circuit controlling the cur- 
rent source. A particular technological difficulty, which the regulator has 
in common with the basic measurement problem itself, is the accurate 
measurement of very small currents, sometimes off-ground. Among the 
solutions proposed so far are differential voltage devices metering the 
voltage drop through a small resistor, magnetic modulators such as the 
magnettor, and last, but not least, with the perfection of the transistor, 
the day may come when a transistor will be an accurate current sensing 
device for measuring purposes. 

Point by point measurements require the least complicated instrumen- 
tation, and thus were the first to be built by several workers in the field, 
and are still in use. However, at present, a very large number of transis- 
tors possess peculiar anomalies which make single point measurements 
unprofitable. To gather sufficient information by a number of consecutive 
point by point measurements is tedious and impractical. Thus sweep 
type methods came first into use quite early in the transistor development. 

Some consider sweep type measurements inferior for precision work. 
With proper techniques, however, swept measurements today are the most 
precise in many fields. In addition, in many cases, absolute precision is 
of reduced interest as long as the shape and, in particular, inflection points, 
maxima and minima, and asymptotes of curves are properly portrayed. 
The choice of the proper sweep technique for a given application must be 
considered in the light of the actual precision required, the display speed, 
and the limitations imposed on both by the properties of the transistor to 
be measured. 

Sweep measurements may be classified into recording and oscilloscopic 
types. The recording presentation is usually more precise than the oscil- 
loscopic display but it is slower. Commercial recorders in the % per cent 
accuracy class are available. In transistor measurement the recorder’s 
main utility is in the field of “fine grain” investigation of transistor char- 
acteristics, where the research nature of the study does not demand top 
speed of inspection. The recorder has the additional advantage of per- 
mitting very low operating frequencies, which cannot be used in fast oscil- 
loscopic displays because of sweep bandwidth considerations. High 
transistor impedances such as r, are difficult to handle, precisely, in any- 
thing but the relatively slow displays permitted by recorders, because of 
the low operating frequency demanded by the capacitive strays in the 
transistor, and its adjacent connections, 
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Two of the outstanding limitations in accuracy of oscilloscopic displays 
are: the resolution and linearity of commercial oscilloscopes. Even the 
very best of these rarely warrant absolute accuracy statements better 
than 5 per cent. However, this is no absolute limitation, when it is kept 
in mind that a commercial cathode ray tube used in a television receiver 
must have a resolution of better than 0.2 per cent in order to display 525 
lines per frame. Furthermore, suppressed zero representation permits fine 
grain studies of high accuracy, even when the absolute accuracy of the 
scope is relatively low. 

Another consideration in oscilloscopic displays is the repetition rate to 
be used. Repetition rates in excess of 30 cps are desirable to reduce eye 
fatigue from flicker effects, and to give improved feel when observing 
the effects of parameter or circuit adjustments on the scope. Sometimes 
repetition rates must be lower than 30 cps, and long-persistence screens 
must be used. However, these should be considered only as a last resort. 

Careful consideration of bandwidth requirements is essential for suc- 
cessful sweep display. The problem may well be illustrated by consider- 
ing a typical transistor small-signal parameter measurement such as a 
display of « versus I,. If one assumes a repetition rate of 30 cps, an 
oscilloscope bandwidth of about 10 ke is required to display without dis- 
tortion the rapid rise of e in a typical switching transistor. The measure- 
ment of a is performed by sweeping the emitter bias current J, at a 30 cps 
rate and simultaneously superimposing a small, high frequency probe cur- 
rent of constant amplitude on the emitter. The amplitude of the collector 
current at the probe frequency is then a measure of a. To permit reso- 
lution of an @ rise corresponding to a 10 ke signal component, the probe 
frequency must be sufficiently above 10 ke. When filtering problems are 
considered, a probe frequency 10 times the highest display frequency is 
usually indicated, or 100 ke in our specific case. Any amplifier used at 
the 100 ke level must have a bandwidth of +10 ke to pass the sidebands 
required for a 10 ke display bandwidth. Insufficient display bandwidth, 
crosstalk, and faulty phasing are usually responsible for failure of the 
retrace to line up perfectly with the forward trace. Unfortunately it is 
a widespread practice to blank the retrace to conceal these faults. Obvi- 
ously the forward trace is no more accurate than the concealed retrace. 
The only result is a false sense of security on the part of the observer. 
Blanking of the retrace in sweep measuring equipment should be consid- 
ered almost a cardinal sin. At the Bell Telephone Laboratories the de- 
liberate use of the retrace as a crosscheck was first successfully employed 
in high precision transmission measuring equipment to guard against 
faulty indication when the sweep frequency was higher than the time re- 
sponse of the network under test permitted. In transistor measuring 
equipment it has been used to assure a clean measuring system, and has 
resulted in valuable measurements of hysteresis effects which could 
not be questioned numerically and would have escaped attention entirely, 
were it not for an honest retrace, 

The successful construction of accurate sweep measuring equipment is 
opening new approaches to transistor specification, The transistor is atill 
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a long way from complete control of all sorts of “anomalies” which result 
in kinks or sharp discontinuities in some of the important characteristics. 
These are very hard to specify in terms of point by point measurements. 
Some quite elaborate point specifications in use today still result in the 
rejection of perfectly operable transistors and acceptance of inoperable 
ones. It is proposed that a new system of specifications be adopted based 
on so-called regional characteristics. This system is illustrated in Fig. 5 
for the case of the a versus J, characteristic. Conditions for acceptance of 
a transistor are that the a-I, characteristic displayed must never enter the 
“forbidden region” and that in region II it must cross the line C-C’ at 
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Fic. 5 Regional specifications. 


least once. It should be noted that the particular characteristic shown 
in Fig. 5(b) is a so-called “double hooker.” This transistor would have 
passed a point specification test based on tolerances on points B, C, D 
and E, but is rejected in this test because the second « peak exceeds the 
value E. In practice the forbidden regions might be outlined on the scope 
face by use of a china marker or masks, and even an unskilled operator 
can tell at a glance if limits are being met. The forbidden regions in this 
example are delineated by lines orthogonal to the coordinate axis. This 
arrangement permits the specification points to be used interchangeably 
for point by point and regional specifications and would smooth the 
transition from one system to the other. However, once the regional spec- 
ification becomes established, the limits of the forbidden regions may 
well be sloping lines, to establish even closer control with maximum yield 
of usable transistors. The concept of the “regional” specification has 
already been firmly established, and has proved its economic worth in the 
production of components for the latest coaxial cable and microwave 
relay systems in the Bell System. Its success in the transistor field de- 
pends solely on the development of the proper measuring equipment, 
The scope of transistor metrology is so vast, and so much of it is as yet 
uncharted, that it is not possible to discuss all phases in a paper of this 
size, Many special measurements, such as noise, distortion, pulse pers 
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formance, remote measurement in a variable controlled environment such 
as temperature and humidity, etc., have not even been touched upon. 
Only the more common point and junction type transistors have been con- 
sidered. New and radically different transistors still in the development 
stage and yet to be invented will keep the field in constant flux for some 
time to come. An orderly development of transistor metrology must rely 
on study of the common basic problems. Once these are thoroughly under- 
stood it should not be difficult to provide the measurement clientele with 
the tools required for their particular needs, from the most complicated 
and elaborate devices for the Transistor Designer and the Circuit De- 
signer, to the simple failure detection device for the end user of the tran- 
sistor. 

From our present knowledge we may expect that the internal equivalent 
tee will be retained as the basic reference equivalent circuit for intercom- 
parison of both point and junction transistors. We can expect the hybrid 
parameters to find more extended use in measurements and specification. 
The insertion type measurement, including phase measurement, will take 
its place beside the transfer type, particularly at high frequencies. Swept 
measurements will tend to displace point by point measurements, and 
regional specifications based on swept techniques will find increased ac- 
ceptance. 


10B. METHODS OF TESTING TRANSISTORS: IRE 
STANDARDS ON SOLID-STATE DEVICES * 


1.0 GENERAL 


1.1 Scorpr. This standard deals with the methods of measurement of 
important characteristics of transistors. In general, these characteristics 
are referred to as parameters of the devices. 

Because of the youthfulness of the transistor art, methods of testing 
transistors will continue to change considerably before the art can be con- 
sidered to have “stabilized” sufficiently for complete standardization. 
This standard corresponds to the current state of transistor testing 
methods, and its publication by the IRE is considered preferable to wait- 
ing for a future stabilization of the many rapid changes now characteristic 
of this field. 


1.2 GeneraL Precautions. Attention is called to the necessity, espe- 
cially in tests of apparatus of low power, of eliminating, or correcting for, 
errors due to the presence of the measuring instruments in the test circuit. 
This applies particularly to the currents taken by voltmeters. 

Attention is also called to the desirability of keeping the test condi- 
tions, such as collector voltage and collector current, within the safe limits 
specified by the manufacturers. If the specified safe limits are exceeded, 
the characteristics of the transistors may be permanently altered and sub- 


* Originally published in Proc, RH, Vol, 44, Nov, 1056, 





336 MEASUREMENTS AND CHARACTERIZATION 


sequent tests vitiated. When particular tests are required to extend some- 
what beyond a specified safe limit, such portions of the test should be 
made as rapidly as possible and preferably after the conclusion of the 
tests within the specified safe limit. 


1.2.1 Repeatability. Care must be taken that the measured parameter 
values are repeatable within precision of measurement after performance 
of any one or all tests performed on the device. 


1.3 Four-TERMINAL REPRESENTATION. Fig. 1 shows a 4-terminal net- 
work sometimes known as a 2-terminal pair. The behavior of this net- 


Ii Io 
—> 





Fic. 1 General four-terminal network. 


work may be defined in terms of the quantities V;, V., Ii, and Ip. The 
ac input current and voltage are J; and V; and the output current and 
voltage are I, and V,. Similarly, the de characteristics may be repre- 
sented in terms of the input and output voltage, V; and Vo, and the input 
and output current, I; and Io. 

Since the transistor may be employed in three circuit configurations, 
usually referred to as common base, common emitter, and common col- 
lector, there is a possible ambiguity i in the definition of any one parameter 
unless the circuit configuration is stated definitely. Six possible sets of 
parameters exist for defining the 4-terminal network. The choice of 
the appropriate set therefore depends on the nature of the device to be 
characterized. 

The h parameters are used throughout the standard since they are 
peculiarly adaptable to the physical characteristics of transistors. In 
previous literature these have been referred to as the series-parallel pa- 
rameters, but a recent paper (Ref. 1) coined the name “hybrid” which has 
become a significant method of identification and will, in the interests of 
clarity, be used throughout this standard. 

A specific method of notation involving the letter subscript is used 
throughout this standard, but no preference over number subscripts is 
implied thereby. See IRE Standards on Letter Symbols for Semicon- 
ductor Devices, 1956 (56 IRE 28. S1) (Ref. 2). 

The three most commonly used sets of parametric equations are: 

Open-circuit impedance parameters 


Vi = ali + ero, (1) 
Vo = al; of els: (2) 


Short-cireuit admittance parameters 
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I; = yiVit yrVo, (3) 

I, = yVi ate YoV o. (4) 
Hybrid parameter 

Vi = hil; +h Vo, (5) 

I, = hyls + hoVo. (6) 


The input impedance h; is the impedance between the input terminals 
when the output terminals are ac short-circuited 


h; = V;,/T; when Vo =.0. 


The voltage feedback ratio h, is the ratio of the voltage appearing at 
the input terminals, when they are ac open-circuited, to the voltage applied 
to the output terminals 


h, = V:i/V. when I; = 0. 


The forward current multiplication factor hy is the ratio of the current 
flowing into the output terminals, when they are ac short-circuited, to the 
current flowing into the input terminals 


hy = I,/I; when V, =0. 


The output admittance h, is the admittance between the output terminals 
when the input terminals are ac open-circuited : 


h, = 1,/V. when I; =0. 


LIST OF TERMS 


V; = ac input voltage. 

V, = ac output voltage. 

I; = ac input current. 

I, = ac output current. 

Vr; = dc input voltage. 
Vo = de output voltage. 

I; = de input current. 

Io = de output current. 

2; = input impedance, small signal, output open-circuited. 

2 = output impedance, small signal, input open-circuited. 

zy = forward transfer impedance, small signal, output open-circuited. 
2, = reverse transfer impedance, small signal, input open-circuited. 
¥i = input admittance, small signal, output short-circuited. 

Yo = output admittance, small signal, input short-circuited. 

f = forward transfer admittance, small signal, output short-circuited. 


= reverse transfer admittance, small signal, input short-circuited, 
hi = input impedance, small signal, output short-circuited, 
hy = input resistance, static value, output short-circuited, 
hy = output admittance, small signal, input open-circuited, 
ho = output conductance, static value, input open-cireuited, 
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hy = forward current transfer ratio, small signal, output short-circuited 


(= —ay). 
hp = forward current transfer ratio, static value, output short-circuited 
(= —ap). 
h, = reverse voltage transfer ratio, small signal, input open-circuited. 
hr = reverse voltage transfer ratio, static value, input open-circuited. 
Zin = input impedance, small signal, output termination Z,. 
Zout = Output admittance, small signal, input termination Z;. 
V. = ac emitter voltage. 
I, = ac emitter current. 
V. = ac collector voltage. 
ZI. = ac collector current. 
Te = ac emitter resistance derived from T-equivalent circuit. 
Ty = ac base resistance derived from T-equivalent circuit. 
7, = ac collector resistance derived from T-equivalent circuit. 
Tm = ac transfer resistance derived from T-equivalent circuit. 
C. = collector capacitance measured at collector electrode. 


Note: See also IRE Standards on Letter Symbols for Semiconductor De- 
vices, 1956 (56 IRE 28. S1) (Ref, 2). 


2.0 METHODS OF TEST FOR DC CHARACTERISTICS 


The static characteristics of a transistor represent its performance only 
at zero or low frequency. The static characteristics are the input, output, 
and transfer. In general, these characteristics may be obtained up to the 
point where thermal effects become significant, or where critical voltages 
or currents are exceeded. High-frequency or pulse methods such as those 
described in Section 2.1.3 may be used to obtain information beyond this 
point. 


2.1 DC Pornt-py-Pornt Metuop. The point-by-point method of ob- } 


taining characteristics requires the introduction of a direct voltage or cur- 
rent at one pair of terminals, and the measurement of the current or volt- 


age at either the same or a different pair of terminals, depending upon the 
characteristics under examination. A family of characteristics can be — 


obtained by measuring a voltage-current characteristic while another 
voltage or current is changed stepwise over the range of interest in ac- 
cordance with usual practice. A representative arrangement for the de- 


termination of the common base characteristics of transistors is shown — 


in Fig. 2. 

2.1.1 General Precautions in Transistor Measurement. Test conditions 
which cause large voltage or current surges, or exceed the safe limit of 
de power dissipation, should be avoided. Large overloads, even for a small 


fraction of a second, may cause damage to a transistor or modify its char- 


acteristics. 
The correct voltage polarity must be observed at all times, Incorrect 


voltage polarity may seriously damage the transistor and test equipment, 
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Transistors are inherently temperature-sensitive devices. The effect of 
the ambient temperature must be taken into account, and possibly also 
the internal temperature rise due to the dissipation in the device occurring 
during the test. 


2.1.2 Visual Displays. Visual displays of transistor static characteris- 
tics are useful for prediction of performance in circuits up to frequencies 
at which reactance effects become important. Oscilloscopic displays are 
useful in disclosing small irregularities in the voltage-current charac- 
teristics which may escape observation by the point-by-point method. 
The visual display is particularly useful for determination of trends or 
orders of magnitude in transistor parameters. 

The transistor static characteristics normally displayed visually are: 


EMITTER COLLECTOR 
BIAS (“ca) BIAS 
SUPPLY SUPPLY 


IgE=EMITTER CURRENT (DC) VeB=EMITTER-BASE VOLTAGE (DC) 
I¢=COLLECTOR CURRENT (DC) Vcp=COLLECTOR-BASE VOLTAGE (DC) 






Fic. 2. General de measurement arrangement. 


input voltage vs input current; input voltage vs output current; output 
voltage vs input current; output voltage vs output current; and output 
current vs input current. 


2.1.2.1 General Precautions in Oscilloscopic Display. As a prelimi- 
nary step a passive network may be used as a dummy transistor to check 
the over-all circuit performance before actual application to transistors, 
and the voltage-current characteristic may be compared with known or 
published curves. 

Cumulative heating effects must be anticipated. If extreme care to 
prevent overloading is not taken a gradual shift in the observed charac- 
teristic is noted. 

Instability may result if suitable series resistance is not provided, par- 
ticularly in the case of point-contact transistors which are in general 
short-circuit unstable. 

In addition, the general procedures noted in Section 3.5 must be ob- 
served, 


2.1.3 Pulse Methods. It is often of considerable importance to know 
the static characteristics of transistors beyond the normal operating range 
where thermal effects would be significant if point-by-point methods were 
used, In such cases it is necessary to employ pulse methods in which the 
transistor is allowed to pass currents only for short intervals of such dura- 
tion and recurrence frequency that the average power dissipation is amall, 

Pulse methods may be employed for obtaining input, output, and trans 
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fer characteristics. The basic circuit elements required for a pulse method 
are pulse generators and suitable current and voltage indicators. Where 
one pulse generator is employed, it is usually connected to the appropriate 
terminals depending upon the characteristic desired, with provision for 
introducing bias. If more than one pulse generator is used, it is necessary 
to synchronize the pulses. In general, one pulse generator is adequate 
and simpler to employ. 

A variable amplitude pulse voltage or current is applied to one pair of 
terminals and simultaneously the corresponding pulse amplitude of cur- 
rent or voltage is measured at the same or a different pair of terminals. 


2.1.3.1 Precautions. Care must be taken that the original static char- 
acteristics are reproducible after the device has been pulsed. 


2.2 Loap (Dynamic) CHARACTERISTICS. The methods used for the 
determination of load characteristics from static characteristic curves, 
and the direct measurement of load characteristics, have been published 
(Ref. 3). Load characteristics permit calculation of the performance 
data for the transistor, such as input power, output power, efficiency, dis- 
sipations, etc. 


2.2.1 Direct Measurement of Load Characteristics. The load charac- 
teristics of a transistor can be measured directly, without resorting to cal- 
culation from the static characteristics. When reactive effects are sig- 
nificant, they will have considerable effect upon the load characteristic. 
It is therefore advisable to measure load characteristics at the frequency 
at which the transistor is to be used. 


2.3 Maximum Evecrrope Voutrace. When the voltage-current char- 
acteristic of a transistor is presented by any appropriate technique, 
marked changes in slope and/or discontinuities may be noted as a func- 
tion of electrode voltage and circuit configuration. These may be due 
to either junction breakdown, thermal gradients, or internal instabilities. 
In general, a junction breakdown may be correlated with the resistivity 
of the material in the base layer, while that due to thermal gradients 
is generally much lower, and is characteristically poorly defined. 


2.3.1 General. A maximum electrode voltage is measured by the po- 
tential which results in a specified change in the parameter being meas- 
ured. It may also represent a potential above which destructive irre- 
versible changes occur in the transistor. In either event it represents a 
locus of electrode bias voltages and currents which define maximum usable 
operating conditions. The maximum electrode voltage will be a function 
of the common electrode utilized when the characteristics are taken, 

When specifying the peak voltage, even though non-destructive, the 
duration of the peak and the duty cycle must be specified because of the 
short thermal time constants of the semiconductor element, 


2.3.2 Definition, A maximum electrode voltage may be defined on any 
of the following bases: 
1) Junction voltage breakdown, 


h 





Chapter 10: Device MEASUREMENT 341 


2) Maximum power dissipation capability of the transistor. 
3) Nonlinearity of the electrode voltage-current characteristic. 


An example of these limitations is shown for a typical collector voltage- 
current characteristic in Fig. 3. In this figure it may be seen that the 
definitions just given will govern in different regions of the characteristic. 
The maximum electrode voltage for the characteristic shown will be 
given by Veo, Ves, and Vea. 

Voo is defined as the voltage corresponding to the point of tangency of 
the voltage saturation tangent with the Ig—Vg¢ curve, with input current 
specified as shown in Fig. 3. 


| VOLTAGE —~~ 
| SATURATION 





Vw—> 


Fic. 3 Maximum electrode voltages. 


Vog defines the voltage at which the rated power dissipation is attained. 
Voa defines the voltage at which the nonlinearity of the characteristic 
becomes a substantial limitation to use. 


2.3.38 Precautions. The following specific precautions should be fol- 
lowed in addition to those noted in Section 2.1.1. a) High-speed oscillo- 
scopic sweep methods may be preferable to point-by-point and other 
low-speed methods, because inaccuracies due to thermal gradients and 
incipient junction breakdown are minimized. ) The electrical charac- 
teristics must be reproducible within the margin of error after a deter- 
mination of maximum collector voltage. 


38,0 METHODS OF TEST FOR SMALL-SIGNAL APPLICATIONS 


For purposes of this section small-signal operation assumes linearity 
over the operating range, For linear operation the transistor is come 
pletely specified by means of four independent parameters which are in 
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general complex quantities whose value may depend upon frequency, 
operating point, and environment. For linear operation the value of the 
parameter must be independent of the amplitude of the signal. 

Most transistors can be characterized by a 4-pole representation in 
which two terminals are usually common as in Fig. 4. It is often 
found that the measurement of transistors having a common-base current 
amplification of less than unity is more practicable with either the short- 
circuit admittance or hybrid (y or h) parameters while with those having 
a common-base current amplification greater than unity the open-circuit 
impedance or hybrid (z or h) parameters are more practicable. 





Fic. 4 Transistor four-pole representation. 


In the illustrations which follow, the common-base configuration is gen- 
erally shown for purpose of economy. It will be understood that the 
parameters may be taken in any possible stable configuration. 

3.1 GeneRaL Precautions. It is necessary that the test signals em- 
ployed be small enough so that the transistor operation is linear. Gen- 
erally, the greater the parameter accuracy desired, the smaller the test 
signal must be. A method of determining whether the signal is sufficiently 
small is to decrease the amplitude of the test signal progressively until a 
further decrease in amplitude produces no change within the accuracy de- 
sired in the value of the parameter. 

Methods of determining test signal amplitude include the checking of 
voltage or current amplification derived from combinations of 4-pole 
parameters with those measured experimentally. If the test signal is suf- 
ficiently small, the derived and measured values will check within the 
accuracy desired. 

In the methods of measurement to be discussed, it is preferable to either 
ac short-circuit or ac open-circuit different terminal pairs to carry out the 
measurement. In order to be certain of the accuracy of the measured 
data, it is necessary to ascertain the adequacy of the ac short or open 
circuits employed. Stray series elements such as lead inductance may 
seriously alter ac short circuits. One method of ascertaining the ade- 
quacy of the ac short or open circuit employed is to change progressively 
by known amounts the terminal admittance or impedance while making 
measurements of the parameter under investigation. A graphical plot, as 
shown typically in Fig. 5, of the measured parameter as a function of 
absolute magnitude of the terminal admittance or impedance would show 
an asymptotic approach to the correct value, 


For preliminary measurements or for approximate results, the basic — 
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idea of this check method may be applied by making certain that there is 
negligible change in the parameter being measured when the ac short or 
open circuit is changed by an appreciable amount. 

Care must be exercised, particularly as a result of the inherent short- 
circuit or open-circuit instability of the transistor, to insure that the 
measurement circuit is not oscillating at either the test or some spurious 
frequency. The presence of oscillations will be indicated generally by 
abrupt changes in the curve of Fig. 5. 

Another method of checking the adequacy of the ac short or open 
circuit is to choose reasonable and convenient values of terminating im- 





———a ey 


MEASURED PARAMETER => 








TERMINATION ADMITTANCE OR IMPEDANCE ——> 


Fic. 5 Adequacy of termination. 


pedance. The complete measurements are then made. The results of 
these measurements are then used to calculate whether the initially chosen 
ac short or open circuits were adequate. 

The results of measurements will be dependent upon circuit and envi- 
ronmental conditions. Until such time as these conditions become well 
standardized by usage, it will be necessary that the exact conditions of the 
measurement be specified. 


1) Circuit configuration employed and quantities measured. 

2) de terminal voltages and currents (any two independent quantities 
are sufficient). 

3) Test frequency employed. 

4) Temperature. 


The following test conditions may be important and may have to be 
specified: 1) humidity, 2) aging period, 3) test socket employed and 
shielding configuration. 

Independent measurements of ratios of parameters are useful for deter- 
mining the adequacy of the ac short or open cireuit and for insuring the 
absence of oscillations, Generally, if the independent measurement. of 
ratios of parameters checks the computed values within a few per cent, 
thore is reasonable assurance of linearity, adequacy of termination, and 
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freedom from oscillations. Some of the parameter ratios that may be 
independently measured are listed below. 


1) The forward-current transfer ratio, which is the negative ratio of 
the alternating current at the ac short-circuited output terminal to 
the alternating current introduced at the input terminal 


ar = 27/2 = —Ys/Ys = —hy. 


2) The reverse-current transfer ratio, which is the negative ratio of the 
alternating current at the ac short-circuited input terminal to the 
alternating current introduced at the output terminal 

Je = — we) = 
Oy = 2/2, = — = ——_—_- 
r/ et Yr/Yo hih 1 hglhy 


3) The forward-voltage transfer ratio, which is the ratio of the alter- 
nating voltage at the ac open-circuited output terminal to the alter- 
nating voltage introduced at the input terminal 


“ hy 
hiQo — hyhy 


4) The reverse-voltage transfer ratio, which is the ratio of the alternat- 
ing voltage at the ac open-circuited input terminals to the alternat- 
ing voltage introduced at the output terminal 


be = 24/25 = —Ys/Yo = 


Mr = 2r/@o = —Yr/Yi = hy. 


3.2 Open-Circurir TERMINAL Measurements. Some of the transistor 
parameters may be defined under conditions of open-circuit termination. 
The transistor dc biases are applied to produce the specified operating 
point and the appropriate terminals are ac open-circuited and the speci- 
fied measurements made. The ac open circuit is conveniently supplied 
by a suitable series impedance, a parallel-resonant circuit, a transmission 
line, or other means (Ref. 4). The circuit used to produce the open cir- 
cuit must have an adequately large impedance at the frequency or fre- 
quencies of measurement. Methods of ascertaining the adequacy of the 
open circuit are discussed in Section 3.0. 


3.3 SHort-Circuir TeRMINAL MrasurEMENTS. Other transistor pa- 
rameters are defined under conditions of short-circuit termination. The 
transistor de biases are applied to produce the specified operating point 
and the appropriate terminals are ac short-circuited and the specified 
measurements made. The ac short circuit is conveniently supplied by a 
large admittance such as a capacitor, a series-resonant circuit, a transmis- 
sion line, etc. The circuit used to supply the short circuit must have an 
adequately large admittance at the frequency or frequencies of measure- 
ment to insure reliability, The adequacy of the short circuit may be de- 
termined by the methods discussed in Section 8,0, 


i 
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3.4 Finite TERMINATION MrasurEMENTS. Where tests for the ade- 
quacy of short or open circuit show that it is not adequate, and cannot be 
readily attained, then a finite termination must be used. This is often the 
case where measurements must be made over a large range of frequencies, 
where the variations of a characteristic as a function of frequency must be 
determined, or where circuit noise considerations impose a limitation on 
experimental accuracy. After the de operating biases are applied to pro- 
duce the specified operating point, the specified terminals are ac termi- 
nated by the finite impedance termination. The finite impedance is con- 
veniently supplied by a nonreactive fixed resistor, a monocyclic (Ref. 5) 
(frequency-independent) network, a terminated transmission line, or by 
an impedance of known characteristics. 


3.5 MetuHops oF PARAMETER MEASUREMENT. 3.5.1 General. The char- 
acteristics of a transistor may be measured at the specified terminals 
under the stated conditions of termination by either a voltmeter-ammeter, 
by bridge methods, or by graphical calculations made upon the measured 
static characteristics. 


8.5.2 Graphical Calculations. The low-frequency values of the param- 
eters can be determined approximately by graphical calculations on the 
input, output, and transfer characteristics. The data obtained from 
graphical methods are inherently of low precision and should be used 
only as an approximate check. In the common-base configuration, the 
static characteristics may be taken as shown in Fig. 2. 


8.5.2.1 Impedance Parameters. The impedance parameters may be ob- 
tained from the static characteristics as shown in Figs. 6-9. 
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Fic. 13 Graphical determination of y, | 4 —o- 
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Fic. 11 Graphical determination of y,| 4 —o.- 








Fia. 14 Graphical determination of hy | 4 =o: 


Fic. 12 Graphical determination of yy | 4 — 0: 
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Fic. 17 Graphical determination of h, | , — o. 


3.5.22 Admittance Parameters. The admittance parameters may be 
obtained from the static characteristics as shown in Figs. 10-13. 


3.6.2.3 Hybrid Parameters. The hybrid parameters may be obtained 
from the static characteristics as shown in Figs. 14-17. 


3.5.3 AC Ammeter and Voltmeter Measurements. The absolute mag- 
nitude of the measured parameter can be determined by ac ammeter- 
voltmeter measurements. For these measurements an adequately small 
alternating current or voltage of suitable frequency is injected at the 
input or output terminal. The alternating current of interest is then 
measured by measuring the voltage appearing across a small nonreactive 
resistor; the alternating voltage of interest is measured by a high-imped- 
ance voltmeter such as a vacuum-tube voltmeter. The magnitude of the 
particular parameter at the frequency chosen is determined by taking the 
ratio of the appropriate currents and voltages. This technique is gen- 
erally applicable, particularly to sweep methods where a voltage or cur- 
rent is held constant; the dependent current or voltage is then presented 
on an oscilloscope as a function of frequency or test voltage, or test cutent. 


8.5.3.1 Voltage and Current Measurements Including Phase Angle. At 
frequencies where reactive and transit time effects are not negligible, 
phase-angle information is necessary for complete specification of the 
parameter. The usual practice is to compare the phase angle of voltages. 
Thus if the phase angle of currents is desired, the currents to be measured 
are applied to nonreactive resistors, and voltages proportional to and 
in phase with these currents are obtained, 

The following methods of measurement of phase angle are most com- 
mon (listed in the order of complexity of instrumentation), 
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8.5.8.2 Oscilloscope Method. The voltages to be compared are applied 
to the appropriate set of deflection plates and the phase angle is deter- 
mined from the resulting Lissajous figures (Ref. 6, 7). Care must be 
taken that the phase shift of the oscilloscope and the associated amplifiers 
at the frequency of measurement is negligible. 


3.5.8.3 Pulse and Square-Wave Methods. The voltages to be compared 
are transformed into sharp pulses or into square waves. The lead or lag 
of the edges of the pulses or square waves can be compared on an oscillo- 
scope, in trigger circuits, etc. Commercial phase meters generally employ 
this or a similar principle (Ref. 6, 8). 


3.5.3.4 The Harmonic Multiplier or Subdivider Method. One of the 
voltages to be compared is applied to a harmonic multiplier or subdivider 
and the fundamental and resulting harmonic or subharmonic signal is ap- 
plied to pairs of deflection plates of an oscilloscope. The phase angle may 
be determined from the intersections of the multiple Lissajous figure (Ref. 
6, 9). With proper precautions high accuracies are attainable (better 
than 0.1 degree) at single frequencies. 


3.5.3.5 The Heterodyne Method. The voltages to be compared are 
heterodyned in mixers with a beating frequency, offset by a fixed amount 
from the signal frequency. The resulting beat-frequency signals are then 
compared as to phase at a fixed frequency. Depending on the accuracy 
desired, the phase comparator may employ cathode-ray oscillograph com- 
parison, harmonic generator, pulse and square-wave methods, phase dis- 
criminators, calibrated phase shifters, etc. This method is capable of 
extreme accuracies and is practical over the entire frequency spectrum 
(Ref. 6, 10-13). 


3.5.4 Bridge Methods. A parameter may be measured by a suitable 
bridge (Ref. 13) under the specified conditions of termination. In gen- 
eral, the bridge method is capable of determination of real and reactive 
components of the measured characteristics, at the specified frequency 
or frequencies. It is most applicable to point-by-point measurements, 
and does not lend itself readily to frequency sweep measurements. 


3.5.5 Open-Circuit Parameters. The transistor may be described by 
the 4-terminal network shown in Section 1.3 and in equations (1) and (2). 


3.5.6.1 Equivalent Circuits. The device represented by the circuit 
equations of (1) and (2) may be represented by either one- or two- 
generator equivalent circuits as shown in Fig. 18. 


3.5.5.2 Measurement of Input Impedance z; The open-circuit input 
impedance z; may be measured by voltmeter-ammeter or bridge methods. 
A voltmeter-ammeter method from which the complex magnitude, but not 
the phase angle, may be derived is shown in Fig. 19, It is valid only 
where z, is small compared to the shunt reactance and internal impedance 
of the collector bias supply, 
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Note 1: A suitable low frequency lies in the range from 100 to 6000 
eps for point-contact devices, and 100 to 400 eps for junction 
devices. 

Note 2: Where z, is very large (as in junction transistors) the meas- 
urement of z; should not be attempted. A measurement of h, 
as described in Section 3.5.7 is preferable. 
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Fic. 18 Open-circuit impedance equivalent circuits. (a) Two-generator. (b) 
One-generator. (c) One-generator. 


3.5.5.8 Measurement of Reverse Transfer Impedance z;. The open- 
circuit reverse transfer impedance z, may be measured by a bridge method, 
or by the voltmeter-ammeter method shown in Fig. 20. 

Taking care to make the ac collector current J, small 


V 
ky = - (=rp where the frequency is low). 
ce 
8.5.5.4 Measurement of Output Impedance z. The open-circuit output 
impedance z, may be measured in the circuit shown in Fig. 20. 


Vv, 
%™ - (ry + ry Where the frequency of measurement is low), 
eo 
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Fic. 19 Measurement of 2; or 2,. 


8.5.5.6 Measurement of Transfer Impedance z;. The open-circuit for- 
ward transfer impedance z; may be measured in the circuit shown in Fig. 
19 or by a suitable bridge method. 


a= a (~rp + ar, where the frequency of measurement is low). 
é 


Note: In the case of junction transistors the high value of z, makes 2; 
and z, measurement difficult because of stray capacitance effects. 
A more satisfactory method is to measure the short-circuit-cur- 
rent transfer ratio h; directly, and compute the desired value 
from the other three measurable parameters, since 2; = hyZo. 


3.5.5.6 Measurement of Short-Circwt Current Transfer Ratio hy; (or 
= as) . 
Note: The term « is also used to define the short-circuit forward-cur- 
rent transfer ratio, but as it is subject to ambiguous interpreta- 
tion hy is used. 
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Fic. 20 Measurement of z, or z,. 


The short-circuit-current transfer ratio hy may be measured by many 
methods, two of which are shown in Figs. 21 and 22, For |h;| S1 and 


a low test frequency, the circuit shown in Fig. 21 may be used. Care must 


be taken that the phase characteristic of hy does not cause a substantial 


error, The short-circuit-current transfer ratio in the common-base con. 
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Fic. 21 Measurement of hy. 


figuration hy, may be expressed in terms of the short-circuit transfer ratio, 
common emitter, hy., where 


h ( hye + hiehoe ad hrehye ) 
a 1 + hye + hiehoe rs hrehfe == hre 
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3.5.5.7 Measurement of h; as a Function of Frequency. To measure 
|h,| the test circuit shown in Fig. 22 may be used, where 
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A common application of this measurement is to determine the frequency 
of alpha cutoff. 


3.5.5.8 Measurement of Phase Angle of h; (Method 1). To measure 
the phase angle of h,; as a function of frequency, one method is to place 
reference voltages V; and V2 on the horizontal and vertical plates of a 
suitable oscilloscope and by standard means convert the Lissajous figure 
information to a phase angle as in Section 3.5.3.2. 


3.5.5.9 Measurement of Phase Angle of h; (Method 2). A second 
method is described in Section 3.5.3.5. 
8.5.5.10 Measurement of Output Capacitance C,. The output capaci- 


tance C, is the capacitance associated with the reactive component of h,, 
which may be measured by a resonance method, as shown in Fig. 23, or 
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Fic. 23 Resonance method of measurement of C,. Z; must be nonreactive. 


by method shown in Fig. 24. C, of the transistor is the difference in the 
settings of C, when resonated with L, with the transistor in and out of 
the circuit, Fig. 23. 


Co = Creo Vel 
where C;, is a function of Vez, Io and frequency. 


C, of the transistor is the difference between capacitance bridge reading 
with the transistor in and out of circuit, Fig. 24. 
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3.5.6. Short-Circuit Admittance Parameters. A transistor may also be 
defined by the admittance equations (3) and (4) (Ref. 14). 


3.5.6.1 Equivalent Circuits. The input and output nodal equations 
(3) and (4) can be simply represented by a two-generator equivalent cir- 
cuit as shown in Fig. 25 or a one-generator equivalent circuit as illustrated 
in Fig. 26. 
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Fic. 25 Short-circuit admittance, two-generator equivalent a 
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Fic. 26 Short-circuit admittance, one-generator equivalent circuit. 


8.5.6.2 Test Methods. 


8.5.6.2.1 AC Ammeter and Voltmeter Measurement. The absolute 
magnitude of the admittance parameters can be determined by ac am- 
meter-voltmeter measurements. For these measurements, an alternating 
voltage of suitable frequency is connected to the input terminal or output 
terminal. The appropriate alternating current is determined by measur- 
ing the voltage appearing across a small nonreactive resistor. The mag- 
nitude of the particular admittance parameter at the frequency chosen is 
determined by taking the ratio of the measured current to the applied 
voltage. This method of measurement is illustrated in Figs. 27 and 28 for 
the input self-admittance and forward-transfer admittance respectively. 
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Via, 27° Measurement of wy. 
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The output self-admittance and the reverse-transfer admittance may be 
measured by methods similar to Fig. 27 and Fig. 28 respectively. 
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Fic. 28 Measurement of y;. 


In general, if the ac ammeter-voltmeter method is used to determine 
the conductance parameters, the frequency of the test signal must be 
chosen sufficiently low so that the suseeptance parameter is negligible. 
Care must be taken to insure that the voltage drop across the resistor R, is 
negligibly small. 

8.56.2.2 Bridge Measurements. The most accurate method for deter- 
mination of the admittance parameters is by use of a suitable bridge (Ref. 
13, 15, 16). For accurate measurements, the bridge circuits employed 
must be capable of balancing both the conductance and susceptance pa- 
rameters simultaneously, although the bridge need be calibrated for only 
the component desired. 

A typical simplified bridge circuit for measuring the admittance param- 
eters and certain of their ratios is shown in Fig. 29. The bridge connec- 






AC 
SHORT 
CIRCUIT 





COLLECTOR 
BIAS 
SUPPLY 






AC SHORT CIRCUIT 


Fic. 29 Bridge method measurement of 4;. 


tion shown in Fig. 29 may be used to measure ¥;; if the emitter and collec- 
tor connections, and bias supplies, are reversed then it may be used to 
measure Y,. The measurement of yy and y, can be performed on more 
complex bridges. ' 


3.5.7 Hybrid Parameters, The hybrid parameters defined by (5) and 
(6) are of value to all transistors, Since the measurements are based upon 
open-circuit: terminations across low self-impedance, and short-cireuit 


i 
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terminations across high self-impedances, the errors due to nonideal termi- 
nations are minimized (Ref. 17). 


3.5.7.1 Equivalent Cirewit. A convenient equivalent circuit for the 
device represented by (5) and (6) is shown in Fig. 30. 





Fic. 30 Hybrid parameter, two-generator equivalent circuit. 


_ 3.5.7.2 Measurement of Input Impedance h; The short-circuit input 
impedance h; may be measured by the procedure of Section 3.5.5.2 except 
that the output is ac short-circuited in place of the ac open-circuit. Or, 
it may be measured by the procedures of Sections 3.5.6.2.1 and 3.5.6.2.2, 
noting that hy = 1/y;. 


3.5.7.3 Measurement of Reverse Transfer Ratio h,. The open-circuit 


reverse transfer ratio h, may be measured by the procedure outlined in 
Section 3.5.5.3, since h, = V,/V,. 


3.5.7.4 Measurement of Forward Transfer Ratio hy (or —ays). The 
short-circuit forward transfer ratio h; may be measured by the procedure 
detailed in Sections 3.5.5.6 through 3.5.5.9. This parameter is an impor- 
tant physical characteristic of all transistors and the variation as a func- 
tion of frequency is important in circuit application. 


3.5.7.5 Measurement of Output Admittance ho. The open-circuit output 
admittance ho is measured by the procedure detailed in Section 3.5.5.4 
noting that ho = 1/2, and in Section 3.5.6.2.2 except that an open circuit 
is substituted for the short circuit across the input terminals. 


3.5.8 Finite Termination Parameters. When it is impractical to satisfy 
the termination conditions of an open or short circuit (e.g., in a frequency 
or parameter sweep) recourse may be made to a finite termination in ac- 
cordance with the terminology of Fig. 31. Note that the symbols used 
are similar to, but not interchangeable with, those used previously. 

The input impedance 2, is the impedance between the input terminals 
when the output terminals are terminated with Z, and with V2 = 0. The 
forward insertion transmission e~4 is the ratio of the currents flowing 
through (or voltages across) Z, with the transistor inserted between Z, and 
Z, and the transistor removed and replaced by a short circuit as shown in 
Fig. 31 and with Vz = 0, The reverse insertion transmission e~*r is the 
ratio of the currents flowing through (or voltages across) Z, with the 
transistor inserted between Z, and Z, and the transistor removed and re« 
placed by a short cireuit as shown in Fig. 31 and with Vy = 0, The output 
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Fig. 381 Finite termination parameter definitions. 


admittance Yout is the admittance between the output terminals when the 
input terminals are terminated with Z; and with V; = 0. 


3.5.8.1 Measurement of Forward and Reverse Insertion Transmission. 
Forward and reverse insertion transmission may be measured by methods 
outlined in the literature (Ref. 12, 18). 


3.5.8.2 Measurement of Input Impedance and Output Admittance. The 
input impedance zi, and the output admittance yout may be measured by 
the methods outlined in Sections 3.5.7.2 and 3.5.7.5 except that the output 
short circuit is replaced by Z, and the input open circuit by Z; respectively. 

In addition, the measuring circuit required for Section 3.5.8.1 may be 
used to measure impedance and admittance using a hybrid coil and meas- 
uring reflection coefficient and phase (Ref. 18), or by.using the insertion 
loss and phase principle (Ref. 19). 


3.5.9 Relations between z, y, and h and Finite Termination Parameters, 
Any set of parameters in Sections 3.5.5 through 3.5.8 may be converted 
to any other set in those sections by the equations of Fig. 32. 


3.6 Visuay Dispuays. 3.6.1 General. It is often desirable to obtain 


the value of small-signal parameters as a function of frequency or oper=— 


ating point. To avoid the tedium of point-by-point measurements and to 
reduce the effects of instability with respect to time, curve tracer (swept) 


methods of measurement are used (Ref, 20, 21). The requirements of 


t . - 2 cal a 
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these sweep methods constrain the realizability of terminating impedances 
more than point-by-point methods and thereby directly influence the 
choice of preferred sets of parameters (Ref. 17). The following major 
factors enter into the design of a swept measurement system. 


3.6.2 Display Mechanism. Two types of display mechanism are in 


, general use: recorders which trace the function being measured on paper 


using some form of stylus, such as pen and ink, chemical or pressure- 
sensitive styli, spark gaps, etc., and cathode-ray tube displays. Recorder 
display mechanisms are usually slow, but permit very high accuracies 
(often 0.1 per cent or better). The cathode-ray tube permits rapid dis- 
plays. In accuracy it is limited by electron optics (spot size) and tube 
linearity. While some special cathode-ray tube types permit display ac- 
curacies in the 1 per cent and 2 per cent range, ordinary commercial 
cathode-ray tubes are only capable of accuracies in the 5 per cent range. 


8.6.3 Repetition Rates. The upper limit of repetition rates is deter- 
mined by the speed of response of the display mechanism, the display 
bandwidth required, the termination realizability, and the frequency re- 
sponse of the transistor. The lower limit of repetition rates in cathode-ray 
tube displays is determined by flicker causing operator fatigue. A display 
repetition rate of less than 25 complete displays per second is usually 
found objectionable. Long-persistence cathode-ray tubes permit some- 
what slower repetition rates, the actual rate depending on the charac- 
teristics of the phosphor used in the tube. It should be noted that in the 
case of the display of families of curves the entire family must be dis- 
played within the minimum repetition rate. In recorder-type displays 
the lower limit to repetition rates is set by the time domain stability of 
the transistor and the test circuit. 


3.6.4 Display Bandwidth. In order to portray faithfully rapid changes 
in parameter value vs small changes in operating point or frequency, the 
test circuit and display mechanism must have adequate frequency re- 
sponse to respond to a sufficient number of harmonics of the repetition 
rate. 

Insufficient display bandwidth is one of the most common failings of 
sweep test equipment. The display bandwidth required is determined by 
the maximum slope which must be faithfully portrayed. As a rule of 
thumb, if the maximum rise time is r, the display bandwidth required is 
of the order of 2/r (Ref. 22). An approximate estimate of the rise time 
required may be obtained from the analysis of known transistor data 
such as static characteristics. The display of both forward and return 
trace is a safeguard against insufficient bandwidth as well as against un- 
desired phase shifts, crosstalk, and pickup. Insufficient bandwidth is re- 
vealed by hysteresis-like separation of forward and returm trace. Where 
transistor hysteresis is suspected, the proper operation of the test equip- 
ment may be verified by use of passive networks (“dummy transistors”) 
having response slopes similar to the class of transistors being investi- 
gated, Sinusoidal sweep is preferred to other types as it is easily ob- 
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tained and permits ready use of the retrace feature. Triangular sweeps 
must safeguard against ringing. Sawtooth sweeps make optimum use of 
available display time but do not permit use of the retrace. 


3.6.5 Termination Realizability. Known, constant value terminations 
must be realized over broad frequency bands for parameter vs frequency 
measurements. Terminations must remain essentially invariant over a 
frequency range of twice the required display bandwidth centered on the 
probing signal frequency for parameter vs operating point displays. In 
the first case, unavoidable parasitic elements limit realizable broad-band 
terminations; in the second case, parasitic elements and practical com- 
ponent size limit realizability. 


366 Parameter vs Frequency. The parameter is selected by the 
choice of transistor input and output terminals, biases, and terminating 
conditions as outlined in Sections 3.2 through 3.5. The input to output 
amplitude ratio and phase difference are a measure of the parameter value 
at the instantaneous frequency displayed. 

A parameter vs frequency curve tracer consists of three basic units: the 
variable frequency source (oscillator), the terminating and biasing ar- 
rangement, and the detector and display mechanism; see Fig. 33 (Ref. 23). 






VARIABLE 





DISPLAY 


Fic. 33 Parameter vs frequency curve tracer. 





3.6.6.1 Swept-Frequency Oscillator. The frequency of a swept-fre- 
quency oscillator is commonly varied by electronic or mechanical means 
in a sinusoidal, triangular, or sawtooth fashion. Provision is usually made 
to synchronize the display mechanism with the oscillator sweep rate. 


3.6.6.2 Biasing and Terminating Arrangement. The transistor biasing 
currents or voltages may be introduced in parallel or in series with the 
transistor terminations. Extreme care must be taken to insure that the 
variations in bias circuit impedance and the associated circuits are small 
in effect on the parameter being measured. In the high-frequency ranges 


it is necessary to consider carefully the effect of all parasitic elements, 


which may include the transistor terminals. 
3.6.6.3 Detector, The detector may be of the broad-band untuned or 


the selective self-tuned variety. Normally a broad-band detector is pre- 
ceded by a broad-band amplifier to reduce effects of detector noise. Be- 


cause of its relative simplicity the broad-band detector is used wherever 
possible, When the signal-to-noise ratio of the broad-band detector be» — 


L 
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comes objectionable, or when phase shift must be displayed, self-tuned 
heterodyne detection is used; see Fig. 34 (Ref. 12). 
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Fic. 34 Curve tracer with self-tuned heterodyne detection. 





















3.6.7 Parameter vs Operating Point. All small-signal parameters may 
be displayed as a function of operating point using similar techniques; 
e.g., a most common display of parameter vs operating point is that of 
alpha (« = —h,) vs emitter current (Ref. 21). The usual procedure and 
precautions as described in Sections 3.2 and 3.5 must be observed in order 
to make the characteristics of the unit under test as independent of the 
test circuit as possible. The ratio of the input to output amplitude deter- 
mines the magnitude of the parameters as a function of the operating 
point. The basic circuit for visual display of parameter vs operating point 
is shown in Fig. 35. 
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Fia, 85 Parameter vs operating point curve tracer, 


8.6.7.1 Emitter Signal Current Source, The frequency of this signal 
generator is determined to a large extent by the display bandwidth and 


A 
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the filter design. A suitable probe frequency is determined by the basic 
repetition display bandwidth required and economic filter design. For a 
display bandwidth of 10 ke a probe frequency of 100 kc is suitable. Care 
should be taken to obtain amplitude stability and high output impedance. 
Since the probe signal amplitude determines in part the accuracy of the 
display, it should be kept as small as possible. 


3.6.7.2 Emitter Sweep Current Source. The frequency of the sweep 
oscillator should be high enough to avoid eye fatigue (greater than 25 
complete displays per second) and should not be a multiple or submultiple 
of line frequency. The amplitude must be sufficient to cover the range of 
operating points desired. Direct coupling should be used in connecting 
the sweep oscillator to the cathode-ray oscillograph in order to retain 
the display origin. 


8.6.7.8 Amplifier. Since the emitter signal current source is of low 
amplitude and the collector load is a low impedance (in order to approach 
a short-circuit alpha measurement), it is necessary to amplify the col- 
lector signal before direct coupling to the cathode-ray oscillograph. A 
tuned amplifier of sufficient bandwidth may be used (Ref. 21). 


3.6.7.4 Detector. The output from the amplifier is amplified and fil- 
tered in the detector, which is desirable, though only practical when using 
a high probe frequency such as 100 ke. 


3.6.7.6 Calibration. Calibration of the display unit may be accom- 
plished by connecting the driving source directly to the amplifier. 


3.6.7.6 Precautions. The high- and low-pass filters should provide suf- 
ficient attenuation of the unwanted signal. The bandwidth of the display 
unit must be wide enough to prevent phase shift patterns which may be 
mistaken for test unit hysteresis. Suitable circuitry should be provided 
in order to prevent the unit under test from being swept too far into the 
cutoff region or any region in which the instantaneous power rating may 
be exceeded. 

In testing point-contact transistors, care should be taken to avoid un- 
wanted oscillations. The probe frequency should be 50 per cent or less 
of the cutoff frequency of the transistor for the connection used. Jitter 
and circuit noise should be maintained at levels which will result in a 
signal-to-noise ratio which is adequate for the measurement intended. 


4.0 ENVIRONMENTAL TESTS 


Environmental tests are performed under unique conditions of environ- 
ment to obtain physical or electrical data resulting from or occurring dur- 
ing conditons of shock, vibration, temperature, humidity, or other envi- 
ronmental phenomena. Environmental tests are generally used to evalu- 
ate ratings, for the comparison of similar devices, or to determine per- 
formance relative to a specific application. The electrical tests performed 
on the device fall into two classes: 1) precondition and posteondition 


parameter tests; 2) tests made during a specific environmental condition, — 
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4.1 Precautions. When electrical tests are used to evaluate mechani- 
cally induced parameter shift, the data obtained are only as valid as the 
equipment and/or device repeatability. Care must be taken to minimize 
the effect of the environmental condition on the circuit associated with 
the device under test. 


4.2 TEMPERATURE CoEFFICIENTS. The temperature coefficient is the 
quotient of the difference between two parameter values divided by the 
corresponding temperature difference. The coefficient may be obtained 
over any linear portion of the parameter-temperature curve. 

The time required to stabilize a parameter reading at any temperature 
is a function of: 


1) The materials surrounding the device proper (potting wax, oil, etc.). 
2) The heat conductivity of the internal connecting leads. 
3) The heat generated within the device itself. 


Care should be taken to avoid temperatures outside of the rated operat- 
ing temperature range of the device. Permanent damage to the device 
under test may result if the storage temperature rating is exceeded. 


4.3 Mxecuanicat Tests. In mechanical tests a periodic or aperiodic 
accelerating force is applied to the device under test. The acceleration 
a is measured in g-units (g = 32.2 ft per sec per sec). 

For simple harmonic motion, a simple equation can be derived relating 
the acceleration a measured in g-units to frequency and displacement. 


a = 0.0511Df? (g-units) 


where D = peak-to-peak displacement, in., and f = frequency, cps. 

Peak acceleration of aperiodic motion is usually calculated by deter- 
mining the slope of the curve of velocity vs time. This can be obtained 
visually by photographic means or electrically by the proper choice of 
an accelerometer. 


4.3.1 Shock Tests. In shock tests the device is subjected to a specified 
unidirectional acceleration for a specified time. 


4.3.1.1 Orientation. To evaluate the effect of shock on the device, it 
is usually necessary to transmit the shock to the device along at least 
one direction of each of the three axes. The direction of the axis must be 
specified for each device configuration. 


4.3.1.2 Precautions. The jig used to hold the device under test should 
be designed to exert the least possible constant stress. Care must be taken 
to limit the amount of cushioning material employed since the shock 
transmission characteristic of these materials is poor. Under conditions 
of high short-term acceleration even the metals, such as steel, must be 
regarded as highly viscous fluids, 
_ When noise measurements are being made on the device under test, 
extreme care must be taken to avoid inducing extrancous signals in the 
moving lead wires, It is recommended that dummy resistive networks be 
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used to prove out the associate test equipment before it is used to evalu- 
ate the device performance. 


4.3.2 Vibration Tests. In vibration tests the device is subjected to an 
accelerating force whose amplitude varies sinusoidally with time. The 
tests are generally performed with as close to a true sine wave as practical 
to simplify calibration and analysis. 

Vibration tests can be subdivided into three classes: 


1) Fatigue vibration: tests to produce physical fatigue. 

2) Mechanical resonance: tests to determine structural resonances. 

3) Vibration: tests to evaluate performance under specific conditions 
relative to an application. 


In all types of vibration tests the device should be vibrated in direc- 
tions along each of the three axes. 


4.3.2.1 Fatigue Vibration. The device should be tested at any speci- 
fied single frequency for a specific time. Previbration and postvibration 
parameter tests are usually used to evaluate performance. 


4.3.2.2 Mechanical Resonance. The device shall be tested over a range 
of the audio-frequency spectrum suitable for the intended application of 
the device. Mechanical resonance is determined by operating the device 
under test in a typical circuit and recording the noise vs vibration fre- 
quency characteristics. Distinct resonance in the device will usually 
result in successive noise bursts or an increase in noise figure at a specific 
frequency. 


43.2.3 Vibration. The device is usually tested at a single vibration 
frequency of sufficient amplitude to evaluate adequately the performance 
relative to the application. Noise output and parameter shift are both 
used to evaluate performance. Frequency and amplitude are limited only 
by equipment considerations. 


4.3.8 Acceleration Tests. Acceleration tests subject the device to a 
short-duration high-centrifugal acceleration. The device under test is 
commonly mounted in a semicompliant material (e.g., Nylon, Teflon, etc.) 
to prevent excessive stresses from being generated at any point on the 
case or encapsulation, unless the application indicates other requirements. 
Care must be taken to balance the rotating wheel to minimize vibration. 


4.4 Humipity Errects. The resistance to moisture penetration is pri- 
marily a function of the encapsulation. The ratio of penetration vs time 
is directly dependent on temperature since it is a function of the water 
vapor molecular activity. 


4.4.1 Effects of Moisture. The effects of moisture vary with the type 
of semiconductor material. In general the most noticeable effect is an 
increase in reverse collector current with an open-circuit emitter, Such 
effects may be masked by any contamination present within the device 
and which may produce similar effects, 
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44.2 Humidity Testing. Precondition and postcondition tests will de- 
fine the effect of moisture on the device. The device is usually subjected 
toa nominal 95 per cent relative humidity in conjunction with tempera- 
ture cycling. “Dry” control lots should be run at least initially to deter- 
mine separately the effect of the temperature cycling alone. 

Where a true hermetic seal is not used, or where the effectiveness of a 
true hermetic seal is tested for check purposes, a wide-range temperature 
cycle and vibration are sometimes used to evaluate resistance to moisture 
penetration. 


4.5 RapIATION SuscEpTmBILITy. Low-intensity radiation of short-time 
duration is effectively shielded by most encapsulations. Prolonged ex- 


posure to high-intensity radiation may produce permanent changes in the 
device parameters. 


4.5.1 Types of Irradiation. 


1) Electromagnetic irradiation, such as light and heat. 

2) Alpha irradiation: doubly charged positive particles having a mass 
of 4.00, identical with helium atom nuclei. 

3) Beta irradiation: high energy electrons. 

4) ae irradiation: radiation similar to X rays but of shorter wave- 
ength. 


5) Neutron irradiation. 


4.5.2 Considerations. Major effects encountered result from exposure 
to all frequencies in the electromagnetic spectrum. These effects may 
be controlled by the opacity of the encapsulation to the incident radiation. 

Alpha and beta rays are not very penetrating. Gamma rays and neu- 
trons are highly penetrating and damaging. 


~~ 


4.6 Pressure Errects. Pressure effects are changes in the device pa- 
rameters resulting from the physical application of a stress to the device. 
The stress may be applied at a point or surface, or may take the form 
of changes in the surrounding atmosphere. The effect on the device pa- 
rameters is wholly dependent on the transmission of any pressure exerted 
on the device encapsulation. 


5.0 NOISE MEASUREMENTS 


Deviation from Electron Devices Standards (Ref. 24) are recom- 
mended only in those instances where characteristics unique to semicon- 
ductors justify such. 


5.1 GmneraL. Semiconductor devices have frequency-dependent noise- 
producing mechanisms. This applies only to noise originating within the 
device under study, and should not include noise emanating from extrane- 
ous sources, such as described in the Standard cited (Ref, 24), 


6.11 Noise Spectrum Analysis, The spectral energy distribution of 
the noise may be determined directly by the method shown in Fig, 86, 
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Fic. 86 Noise vs frequency curve tracer. 
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Fic. 37 Spectral distribution of noise energy. 


5.2 SpecrraL Enercy Distrisution. The spectral energy distribu- 
tion must be obtained before measurement of the noise figure in order to 
ascertain that the center frequency and the bandwidth used to measure 
the noise figure will yield accurate, reproducible results. For example, a 
measurement of noise figure at fi of Fig. 37 would be misleading. 


5.3 Norse Facror. 6.3.1 Measuring Time. A statement of the noise 
factor of a semiconductor should be accompanied by information as to 
either a) the time-constant of the measuring system or b) the time dura- 
tion of observation. The latter applies to the case in which the output 
noise is recorded in a system of relatively rapid response with the rms 
level defined by equal areas above and below the median line. 


5.3.2 Optimum Time Constants. Power detection should be accom 
plished by a vacuum thermocouple or a noise bolometer. If the time- 
constant adjustment is made at the power detector for noise factor meas- 
urements, the balance of the system within its own limitations may be 
used to indicate short-period pulses and other non-Gaussian properties 
of the device under test on a separate indicating or recording device, 


5.3.8 Noise Bandwidth. Refer to Section 10,1,2.1.1 of Reference 24, 
For measurement of average noise factor on devices exhibiting a large 


measure of dependence on frequency, the reference frequency f, should — 
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be that frequency above and below which approximately one-half of the 
noise power is developed, for the specified measurement bandwidth. 


5.3.3.1 Preferred Bands. Noise factors may be usually identified with 
some particular frequency characterizing a well-established usage appli- 
cation. Examples are: 1 ke, audio (both speech and music) ; 50 ke, typi- 
cal carrier frequency; 500 kc, broadcast intermediate frequency; 1 me, 
broadcast radio frequency; 30 me, video intermediate frequency, etc. 
Preferred bands for average noise factor measurements cannot be recom- 
mended even for audio-frequency applications, because of the extremes 
in present acceptability standards. However, in specifying the noise fac- 
tor, the frequency and the band over which the noise factor is measured 
should be specified. 


5.3.4 Precautions. In addition to the precautions described in Section 
10.1.5 of Reference 24, the following sources of error must be noted: a 
substantial alteration of the noise band can result from the variation in 
emitter and collector capacitances in a transistor. Large measurement 
errors can result from the fact that the peaking factor for non-Gaussian 
noise exceeds that of white noise. 
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TRANSISTOR RELIABILITY 





INTRODUCTION TO TRANSISTOR 
RELIABILITY 


The reliability of transistors is of vital concern in communication sys- 
tems; yet there is surprisingly little published material in this area. 
This may be due, in part, to the rather high rate of technological change 
which makes it difficult to systematically assemble reliable information. 
Furthermore, the intense commercial competition has, in some instances, 
resulted in the use of hastily designed devices or the use of otherwise re- 
liable devices in essentially unfriendly circuits or ambients. These “grow- 
ing pains” have, in some cases, been unfortunate, and have, in other cases, 
resulted, after corrective action, in even better devices in shorter times 
than would have been realized by more classic approaches. It must be 
recalled that transistors were born into a technical world requiring degrees 
of reliability which older electronic devices had to grow into over a gen- 
eration or two. 

In Volume I, Chapters 26 and 27 provide the basic philosophy and defi- 
nition of reliability terms. Here the reliability story is further presented 
in its laboratory and field use phases. Grown-junction, point-contact and 
alloy transistors and diodes are discussed in comparison with electron 
tubes. We had hoped originally to round out the reliability presentation 
with a chapter on mechanical reliability, but were unable to find a pub- 
lication in this area which was sufficiently concise or current. 
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Chapter II 


LABORATORY MEASUREMENT OF 
TRANSISTOR RELIABILITY 


Properly planned laboratory aging tests may be used to determine the 
reliability of transistors, when the circuit and system tolerances to the 
devices are known. These tests indicate a greater stability of the dynamic 
characteristics than of the direct current characteristics. Further, these 
tests show high transistor reliability if the devices are used properly. 


INTRODUCTION 


In this chapter we will be concerned with the measurement of reliability 
of transistors and other semiconductor devices in the laboratory. In 
Chapters 26 and 27 of Volume I (Ref. 1) there is a discussion of the 
philosophy of reliability and definition of terms. For our purposes, relia- 
bility may be defined as the probability of the successful operation for a 
specified time under specified conditions of use. Thus, a direct measure- 
ment of reliability involves the use, or simulated use, of the device for a 
known time, and the resultant computation of a probability of successful 
operation. It goes without saying that the device must have the proper 
characteristic at the beginning of its use or, in other words, the device 
must operate in its circuit under the environmental conditions at the time 
that it is installed. 


SHORT-TERM EFFECTS 


TEMPERATURE AND SHock. Many of the characteristics of the tran- 
sistor and diode are affected by temperature, and the same characteristics 
are also affected by an environment such as humidity, if this humidity is 
permitted to reach the surface of the semiconductor. By gas-tight sealing 
of the enclosure, the effect of humidity is minimized, whereas the effect of 
temperature is still important. Fortunately, the effect of temperature is 
well understood as far as the behavior of the semiconductor device char- 
acteristics is concerned, Electrically, the effect of the rise in temperature 
usually shows up mainly as an increase in the saturation current of any 
rectifiers or collectors biased in the backward direction, There is a similar 
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but smaller change in the differential collector resistance. Other param- 
eters usually change more slowly. Also, since the junction temperature 
depends on the power being dissipated there, such dissipation also pro- 
duces effects similar to a rise in ambient temperature. Physically, the 
temperature rise produces, as a chief effect, a sharp increase in equilibrium 
population of minority carriers, with accompanying changes in trap ac- 
tivity. These affect conductivity and lifetime of the material. There is 
also a change in mobility, but more slowly, as a relatively small power of 
the absolute temperature. The product of the concentration of holes and 
electrons in a sample is determined by temperature. 


np = 2.33 X 10°17? exp (—qV,/kT) for germanium. (1) 


Since for impurity semiconductors the concentration of the dominant 
carrier is nearly constant, the minority carrier concentration changes ex- 
ponentially by the ratio of qgV, to the thermal energy kT. This accounts 
for the rapid change with saturation current of a rectifier or a collector 
biased in the backward direction. 

Temperature sensitivities for some important physical variables are 
indicated in Table 1. An idea of the consequent variations in the device 
electrical properties is suggested by Table 2; however, Table 2 is neces- 
sarily over-simplified and approximate, since the dependence of electrical 
properties is usually on more than one of the physical variables and, con- 
sequently, the sensitivity depends considerably on the detail design. 


TABLE 1 TEMPERATURE SENSITIVITY OF 
GERMANIUM PROPERTIES 


Sensitivity, 

Quantity Form per cent/°C 

Oi eB/T 5 

L —_— ~0 to 5 

b [T-% —0.5 

o as pw Or 0; —0.5 to +5 

D T-% —0.2 

E, — ~0.1 


TABLE 2 APPROXIMATE TEMPERATURE SENSITIVITY OF DEVICE 
PARAMETERS (ORDER OF MAGNITUDE ONLY) 


Sensitivity, 
Parameter per cent/°C 
tT; ode; 10 
Te 0.3 
To 0.5 
To _ 
a 0.1 
Ve 0:1 


Figs. 1, 2, 3, and 4 show the temperature variation of some charace 


teristics of a typical p-n=p alloy transistor, The rapid change in thowe— 
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characteristics which depend directly on minority carrier density can be 
seen. The temperature variation of the other characteristics that do 
not depend on minority carrier density is also obvious. 

It is now known that many of the effects of aging with time that are 
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Fic. 1 Median characteristics vs temperature for a group of twenty A1778 
p-n-p alloy transistors. 


observed on semiconductor devices are influenced by the surface condi- 
tions of the device itself. They are thus dependent on the ambient atmos- 
phere in contact adjacent to the semiconductor surface. Until some 
method is found to render the surface of the semiconductor inert to its 
atmosphere, it will be extremely important to fabricate the device with 
a perfect gas-tight seal. . 

The effect of power applied to the semiconductor device during use is 
in many respects, similar to an increase in temperature. The increase in 
the junction temperature is dependent on the power being dissipated in 
the device and the dissipation constant which is determined by mechani- 
eal construction of the devieo, ‘The dissipation constant ia in essence a 
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thermal resistance, or thermal conductance, which can be computed, once 
the mechanical construction is known. 

The effects of mechanical environment, such as shock, vibration, and 
hydrostatic pressure, on transistors constitute also a problem in relia- 
bility. However, transistors by their very structure would be expected 
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Fic. 2 Aging pattern of twenty A1893 point-contact transistors, 25°C, 100 mw, 


to be very resistant to these treatments. In particular, alloy transistors, — 


subjected to pressures as high as those expected on the ocean floor (15,000 
psi), show changes of less than 5 per cent in their characteristics. Impact 
shocks of 500g peak acceleration will damage less than one per cent of the 
transistors subjected to these shocks repeatedly. Vibration of 10g peak 
amplitude over the frequency range of 20 to 2000 eps is tolerated easily 
by transistors. Transistors are able to stand centrifuge accelerations of 
15,000g without degradation, but some types can be damaged by 20,0009 
acceleration, With proper attention to design, however, accelerations in— 
excess of 20,0009 can be withstood, 


ail . i 2 — 
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AGING EFFECTS 


Variation of parameters with time is the major problem of the environ- 
mental behavior of transistors, especially when complicated, as it often is, 
by elevated temperature. The mechanisms are not yet well understood, 
but are being investigated with many types of analytical tests. The bulk 
of this chapter will be devoted to describing the types of test that may be 
performed and the results obtained as a consequence of these tests. 
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We are fairly certain, at this time, that the major variation in transis- 
tors with time are due to the surface conditions of the device itself. The 
problem of transistor parameter variations seems to be one of chemical 
instability. In particular, it is believed that chemical reactions involving 
the surface of the semiconductor and its environment are responsible for 
the major changes that are observed. In many cases, these changes are 
most rapid immediately following a change in environment and hence 
appear to be equilibrium chemical reactions occurring within the sealed 
enclosure. ; 

To eliminate from consideration aging of bulk characteristics on ac- 


count of rearrangement of internal conductivity geometry, one may cal- 


culate the rate of diffusion of impurity in the semiconductor, For ex- 
ample, one may compute the time required for indium to diffuse Y% mil 
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at 100°C, this being the distance required to cause a collector-to-emitter 
short in a transistor with a 1 mil base layer. This time is of the order 
of 10!7 years—much too long to be of concern to us at this time. 
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Fic. 4 Aging pattern of twenty A1853 n-p-n alloy transistors, silicone oil, 45°C, 
0 mw. 


TYPES OF AGING TESTS 


For direct measurement of the reliability of a device in a laboratory 
study, one may subject a transistor to conditions similar to the use it will 
encounter in a system for a time of the order in which it will be used in 
the system. Probably the simplest type of experiment is to place the 
devices in the same kinds of circuit in which they will later be used and 
observe them during simulated use. While the information so obtained 
is useful when applied to that particular system, it leaves much to be de- 
sired when information about the aging behavior of the transistors in 
other systems is to be determined. Consequently it is much preferred 
to determine the aging characteristics of the transistors under a variety 
of simulated usages. Then, knowing how much margin is needed to pro- 
tect against aging variations, one can design reliable circuits, 


There are five types of aging test that can be performed in the labora. 
tory, The first type is an aging test based on a device whose design is as 


d 
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yet not complete. This type of test may be performed to determine which 
of two or more processes is desirable from the standpoint of uniformity. 

A second aging test is a large test, statistically designed to determine 
the typical aging behavior of a device whose design and fabrication are 
stable. The size of a test of this type, if it is to give good statistical in- 
formation, depends on many factors, not the least of which is the uni- 
formity of the device itself. The more uniform the device, the more infor- 
mation may be determined about the device with the smaller-size experi- 
ment. The result of a test of this type is basic to the understanding of 
the device aging behavior. From it we gather information about mecha- 
nisms of failure and conditions of accelerated aging. 

A third type of test is what might be called an application test. The 
device is placed in an actual operating circuit of the type to be used in 
the system, and the operating behavior of the device in the circuit is 
recorded. Usually the only result recorded is whether the device worked 
properly or did not. The information gathered from this type of test is 
useful only with regard to the use of the device in that particular circuit. 

A fourth type of test can be performed to identify a mechanism of 
failure. If, for instance, it was thought that a unit failed because of a 
leak in the encapsulation, a relatively simple test involving exposure to 
high temperature and high humidity would be useful in tracking down 
the offending cause. If, on the other hand, a device has failed because 
of improper encapsulation, then a test can be performed whereby the en- 
capsulating material is removed and other encapsulating material intro- 
duced. Tests of this type are extremely useful in isolating causes of 
failure. 

A fifth type of test that can be performed in the laboratory is what may 
be called an accelerated life test, in which the speed of aging can be en- 
hanced by high temperature and/or high power conditions. The accelera- 
tion due to the high power and temperature must be determined by the cor- 
relations established during aging in previous tests of the first or second 
type described above. The accelerated aging test is useful as a comparison 
test between two groups of units or two processes, as a quick check for 
manufacturing control, and as a rough means of predicting life under 
more moderate conditions. 

In the laboratory, a study of transistor aging behavior is usually per- 
formed by setting up a statistically designed experiment whereby groups 
of the transistor type to be studied are subjected to varying conditions 
of temperature, power, voltage, and time. The changes in characteristics 
may then be used by the method outlined in Chapter 27, Volume I (Ref. 
1) to compute the reliability of these devices when used in a particular 
system, Thus the information gained in this type of experiment is useful 
for determining the behavior of the device in a large number of systems. 
In addition, an analysis of the behavior is sometimes useful in determin- 
ing the mechanism involved in the failure, The catastrophic failures as 
mentioned in Chapter 27, Volume I (Ref, 1) generally occur too infre- 
quently to make a reliable measurement upon which to base predictions, 
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RESULTS 


Figs. 1(b), 2, 3, 4, and 5 show typical aging patterns for four types of 
transistors: a) point-contact transistor, b) grown-junction n-p-n transis- 
tor, c) n-p-n alloy transistor, and d) p-n-p alloy transistor (Ref. 2). The 
results for both the grown-junction and p-n-p alloy transistor are on units 
in an atmosphere of oxygen. The n-p-n alloy units are sealed in silicone 
oil. The point-contact transistors are in dry air. It is to be noted in all 
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Fic. 5 Aging pattern of twenty A1778 p-n-p alloy transistors, 60°C, 25 mw. 


four types that the characteristic of the transistor which changes most 
rapidly with time is the same characteristic which also changes most with 
temperature—namely, the direct current collector characteristics of the 


device, particularly the Z,, and the I,,. Although the alpha of all of these 


devices also changes, the change is at a somewhat lower rate. It should 
be noted that all of the characteristics shown here show a transient be- 
havior at the beginning, followed by a relatively slow rate of change of 
the characteristics, with the exception of the collector characteristic of the 
n-p-n alloy transistor, which is regarded as in need of improvement, 

At the present time, with the devices that we have been able to obtain, 
and with the uniformity of such devices, it has not been possible to deter- 
mine the interdependencies in aging between power and temperature, It 
can be assumed, as a result of tests to date, that the major effect of in« 
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creased power during the aging period is to increase the temperature of 
the junction, thereby increasing the aging rate in the same manner that 
an increase in temperature would cause. In some transistors the voltage 
on the junction may also cause drifts in characteristics. It is expected, 
in future experimental designs and as the uniformity of a transistor im- 
proves, that the interdependence will be determined. 

Fig. 6 shows some results obtained by aging a group of n-p-n grown- 
junction transistors at differing power dissipation at room temperature 
and at differing ambient temperatures with no power. The ordinate in 
both curves is the average percentage change in (1 — «) during the first 
500 hr of aging. This change with time is quite rapid during the first 
hours of aging, and has slowed considerably by 500 hr. These curves 
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Fic. 6 Average change in (1 —) for grown-junction transistors, (a) in aging 
temperature at 0 mw, (b) aging power at 25°C. 
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may be used to compute the increase in aging rates to be expected as a 
result of increasing the temperature or power. The aging rate, for in- 
stance, at 100°C, which is well above any normal use condition, is 120 
per cent in the first 500 hr, as compared to an increase of 40 per cent in 
the same time at 60°C. In a similar manner, increasing the power causes 
a linear increase in the aging at least up to 100 mw where the aging of 
(1 — a) has increased by 250 per cent. This device was designed to oper- 
ate at the 50 mw level. 

All the results quoted above are for germanium devices. In view of the 
great interest in silicon, it would be advantageous to have information 
concerning the behavior of silicon devices under somewhat similar aging 
conditions. 

At the present time aging experiments performed on silicon alloy diodes 
have indicated relatively minor changes in the characteristics of the de- 
vices even at temperatures exceeding 100°C. The aging of a typical sili- 
con alloy diode (Ref. 3) is shown in Fig. 7. 

Aging tests of the type described in this chapter have been run largely 
for the gathering of information regarding the device itself. Since the 
devices that are undergoing aging tests are not the same units that can 
be used in subsequent systems, it goes without saying that the devices, 
in order to be reliable and predictable in the system, must be uniform in 
their fabrication, Present fabrication processes do not lead to as high 
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uniformity as is desired; thus the information gathered by aging a group 
from a particular process is not as trustworthy as it would be if the proc- 
esses were more controllable. 


Fic. 


CONCLUSIONS 


A large number of laboratory aging experiments on semiconductor de- 
vices has shown that: 


1. 


2. Many electrical parameters show no change. 
3. 
4. The transient period during which the abrupt changes occur lasts. 


. The dynamic characteristics of transistors and diodes are more stable 


. The non-uniformity of transistors, as they are presently fabricated, — 


. Transistors should have good reliability if they are used properly, 
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7 Aging pattern of twenty A2020 silicon alloy diodes, 25°C, 2 ma reverse. 


Most electrical parameters change abruptly in the beginning of the 
test followed by a relatively slow subsequent change. 


A few parameters change linearly with time. 

for the order of a few hundred hours. 

than the direct current characteristics, so that circuits should be 
made more tolerant for the direct current characteristics and, in turn, 


may be made less tolerant for the dynamic characteristics. 


is a major cause of unreliability, particularly for their use in large 
systems. 
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Chapter 12 


TRANSISTOR RELIABILITY IN FIELD USE 


The analysis of failures of transistors in field equipment shows failure 
rates that are comparable with the failure rates of well-designed, conserva- 
tively used vacuum tubes. In. spite of the excellent reliability observed 
to date, improvements of one or two orders of magnitude in device, cir- 
cuit, and system reliability are still needed to satisfy the newer systems 
requirements. 


Several transistorized systems have now been in field use long enough 
to give some estimate of the reliability of the components involved. One 
system, the card translator, has been in use for many years during which 
time the failure rate of the transistor elements has been observed. |Table 
1 shows the results of field experience on five systems using transistors. 
The failure rates are computed on the basis of a 90 per cent confidence 
limit. 


TABLE 1 FIELD EXPERIENCE 





































Type of Unit-hours Unit-hours 
ayaa Transistor of Test per Failure % oa ia 
Card translator Pt. contact 100,000 ,000 .09 
Hard of hearing set | Grown-junction 870,000,000 10~4 
P carrier Grown-junction 2,000,000 67 
Tradic Pt. contact 8,000,000 09 
Line concentrator Alloy 6,000,000 20 


The card translator was one of the first equipments in the Bell System 
to use any large number of transistors. The card translator is a piece 
of telephone switching equipment, which uses point contact transistors to 
amplify a low frequency signal resulting from the incidence of a chopped 
light beam on a phototransistor, This equipment is operating in a large 
number of toll switching systems and the results could truly be called 
typical of field use of these transistors in this class of central office equip- 
ment, 

a8 
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The transistor in the hard-of-hearing telephone set is enclosed in the 
telephone instrument and is used to amplify the signals for a person with 
impaired hearing. The transistor derives its power from the central office 
and is required only to give some power gain in the circuit. The circuit 
in this particular case is extremely tolerant of transistor variations and 
this possibly may account for the very good record of behavior that has 
been observed.* On the other hand, since the transistors are in the instru- 
ment in the home, they are subjected to all the conditions that would 
normally be experienced by telephone instruments such as high tempera- 
ture when either in the sun or on a hot radiator, or relatively low tem- 
perature when the device is in an outside building. 

The P carrier system is being used on rural telephone lines. In this 
application a large number of transistors are installed in pole-mounted 
equipment and exposed to the ambients that are normally observed in 
such locations. Other transistors in this system are in central office equip- 
ment, where the ambients are much less severe. The uses for the transis- 
tors in the P carrier system vary, ranging from high level radio frequency 
amplifiers to low level modulators. The P carrier was in field trial opera- 
tion for about 1144 years in Americus, Georgia, and is now being further 
tested at various other points in the country. 

Tradic is a digital general-purpose computer operating at a one mega- 
cycle rate using point contact transistors. The system, up to the present 
time, has been operated only in the laboratory. 

The line concentrator is a piece of telephone switching equipment using 
relatively large numbers of alloy junction transistors. The equipment in 
some cases is pole-mounted and in other cases is in the central office. 

For comparison to illuminate the meaning of the figures in Table 1 
there are quoted in Table 2 and Table 3 some life data on electron tubes 
for computer service and for Bell System use. It is seen that the most 
reliable tubes exceed the degree of reliability of present transistors. 

It is interesting to note, in the case of the transistors, the wide range of 
reliability observed on two systems using the same transistor, namely, 
the P carrier system and the hard-of-hearing telephone. As indicated 
above, the hard-of-hearing telephone is only required to give some gain 
at audio frequencies. On the other hand, in the P carrier system some 
of the transistors are expected to give high gain at frequencies up to 
100 ke. Also, certain other transistors in P carrier are expected to give 
relatively large outputs and so are operated with relatively large power 
inputs. Both the harder use conditions and the more stringent require- 
ments on the devices in P carrier lead to the higher failure rate observed. 

In evaluating these encouraging results, one should remember that in 
recent years the reliability requirements and goals for electronic equip- 
ment have been greatly increased. Not so long ago a 10,000 hr tube was 
considered quite reliable, but compare the following numbers: 


1, In a fairly typical system using 800 transistors and desiring on the 
average not more than 2 failures per year, we require on the average 





*This failure rate prediction is not too accurate, since it is based on only one failure, 
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800 & (8760/2) = 3.5 & 10 transistor hours between failures. This 
corresponds to a device failure rate of 0.03 per cent per thousand 
hours. 

2. In a submarine cable system using tubes, long considered the ulti- 
mate in reliability, the requirement is system operation unattended 
for 20 years without failure. Since for the Key West-Havana sys- 
tem there are 18 tubes in inaccessible submerged repeaters, we re- 
quire at least 18 x 20 x 8760 = 3.1 x 10~-£ tube hours before fail- 
ure or a failure rate of just under .03 per cent per thousand houts. 


TABLE 2 TUBE FAILURE RATES IN IBM COMPUTER SERVICE 


Length of Unit-hours | Failure Rate, 
Type Test in Hours | per Failure %/1000 hr 

















* 
bSt4 ee ae t Be It is seen that transistor reliability requirements for moderately complex 
5965 5100 150.000 * 69 equipment are approaching the order of magnitude needed for submarine 
4000 380,000 tt 26 cable systems. Proposed new systems may run even higher than these 
1680 8600 90,000 * 1.1 
6J6 8400 56,000 * 1.8 TABLE 4 RELIABILITY REQUIREMENTS 
5687 6000 50,000 * 2.0 Ba ae Ta Se a eG ee 
Reference: J, A. Goets and H. J. Geisler, “Hlectron Tube and Crystal Diode en No. Per cent Waithoae Failure 
Experience in Computing Equipment,”’ Proceedings of the Eastern Joint Computer Typical System Sicilia pues of Fume per Paitire 7 iter * 
Conference, 8-10 December, 1953, published by IRE. Interval evic in Use - r 
* From Fig. 5 of reference. 
+ From Fig. 7 of reference. Table radio 5 
: years 5 10 22,000 4.5 
tt From Fig. 8 of refetence. TV set S yeni 35| 15 230,000}  .43 
Small computer | 3 months 2,000 90 4,000,000 .03 
Sub cable 20 years 18 100 3,000 , 000 .03 
Large computer | 1 week(?) | 300,000 100 50,000 , 000 .002 
TABLE 3 TUBE FAILURE RATES IN BELL SYSTEM USE 
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figures as can be seen by examining Table 4. Three conclusions may be 


Tube |Number| Length of Unit-hours | Failure Rate, 
drawn: 


Type in Test | Test in Hours | per Failure * | %/1000 hr * 





1. Field experience with transistors supports the original expectations 


101L 108 145,000 5,220,000 .019 of good reliability from transistors. 

102F 352 146,000 2,140,000 .046 2. In view of the increase in recent years of about three orders of mag- 
102L 108 145,000 3,130,000 -032 nitude in reliability requirements, improvements of one or two orders 
310A 1,326 40,300 2,230,000 045 of magnitude in device, circuit and system reliability are still ur- 
408A 18,191 8, 240 1,240,000 .081 gently needed. 

408A 1,970 8,760 346 , 000 -290 .3. If circuit and system design margins are made. ample, reliability is 
811A 100 59,000 985,000 -101 


greatly improved. 


The field tests quoted here necessarily apply to transistors two or more 
years old. Since further development has been actively continued, it is 
probable that presently manufactured transistors have higher reliability 
than these. 


* These are “Removals.” Confirmed failures average about 2g of the removals, 
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IRE STANDARDS ON ELECTRON DEVICES: 
DEFINITIONS OF SEMICONDUCTOR 
TERMS, 1954 * 


Acceptor (in a semiconductor)—See I mpurity, acceptor. 

Barrier (in a semiconductor; obsolete)—See Depletion layer. 

Base electrode (of a transistor—An ohmic or majority carrier contact to the base 
region. 

Base region—The interelectrode region of a transistor into which minority carriers 
are injected. 

Boundary, p-n—A surface in the transition region between p-type and n-type 
material at which the donor and acceptor concentrations are equal. 

Carrier—In a semiconductor, a mobile conduction electron or hole. 

Collector (of a transistor)—An electrode through which a primary flow of carriers 
leaves the interelectrode region. 

Conduction band—A range of states in the energy spectrum of a solid in which 
electrons can move freely. 

Conductivity modulation (of a semiconductor)—The variation of the conductivity of 
a semiconductor by variation of the charge carrier density. 

Conductivity, n-type—The conductivity associated with conduction electrons in a 
semiconductor. 

Conductivity, p-type—The conductivity associated with holes in a semiconductor. 

Contact, high recombination rate—A semiconductor-semiconductor or metal-semi- 
conductor contact at which thermal equilibrium carrier densities are maintained 
substantially independent of current density. 

Contact, majority carrier (to a semiconductor)—An electrical contact across which 
the ratio of majority carrier current to applied voltage is substantially independent 
of the polarity of the voltage while the ratio of minority carrier current to applied 
voltage is not independent of the polarity of the voltage. 

Crystal pulling—A method of crystal growing in which the developing crystal is 
gradually withdrawn from a melt. 

Depletion layer (in a semiconductor)—A region in which the mobile carrier charge 
density is insufficient to neutralize the net fixed charge density of donors and 
acceptors. 

Diffusion constant (in a homogeneous semiconductor)—The quotient of diffusion 
current density by the charge carrier concentration gradient. It is equal to the 
product of the drift mobility and the average thermal energy per unit charge of 
carriers, " 

Diffusion length—In a homogeneous semiconductor, the average distance to which 
minority carriers diffuse between generation and recombination, 


ae etait eet 
* Originally published in Proc, IRE, Vol, 42, Oot, 1064. 
303 
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Diode, semiconductor—A two-electrode semiconductor device having an asymmetrical 
voltage-current characteristic. 

Donor (in a semiconductor)—See Impurity, donor. ; 2 

Doping—Addition of impurities to a semiconductor or production of a deviation 
from stoichiometric composition, to achieve a desired characteristic. 

Doping compensation—Addition of donor impurities to a p-type semiconductor or of 
acceptor impurities to an n-type semiconductor. } f 

Drift mobility (in a homogeneous semiconductor)—The average drift velocity of 
carriers per unit electric field. Norn: In general, the mobilities of electrons and 
holes are different. 

Electrode (of a semiconductor device)—An element that performs one or more of the 
functions of emitting or collecting electrons or holes, or of controlling their move- 
ments by an electric field. ; 

Electrons, conduction—The electrons in the conduction band of a solid, which are 
free to move under the influence of an electric field. ’ 

Element (of a semiconductor device)—Any integral part of the semiconductor device 
that contributes to its operation. 

Emitter—See Emitter, majority and Emitter, minority. ee : 
Emitter, majority (of a transistor)—An electrode from which a flow of majority carriers 
enters the interelectrode region. oe A 
Emitter, minority (of a transistor)—An electrode from which a flow of minority carriers 

enters the interelectrode region. 

Energy gap (of a semiconductor)—The energy range between the bottom of the 
conduction band and the top of the valence band. d 

Extrinsic properties (of a semiconductor)—The properties of a semiconductor as 
modified by impurities or imperfections within the crystal. . 

Fermi level—The value of the electron energy at which the Fermi distribution 
function has the value 14. ; 

Forming, electrical (applied to semiconductor devices)—Process of applying electrical 
energy to a semiconductor device in order to modify permanently the electrical 
characteristics. 

Generation rate (in a semiconductor)—The time rate of creation of electron-hole pairs. 

Hall constant (of an electrical conductor)—The constant of proportionality R in the 
relation 

E, = R J X H, where 

E, = transverse electric field (Hall field) 
J = current density 

H = magnetic field 


Note: The sign of the majority carrier can be inferred from the sign of the Hall 
constant. \ 

Hole—A mobile vacancy in the electronic valence structure of a semiconductor 
which acts like a positive electronic charge with a positive mass. 

Imperfection (of a crystalline solid)—Any deviation in structure from that of an 
ideal crystal. Norz: An ideal crystal is perfectly periodic in structure and con- 
tains no foreign atoms. : ; 

Impurity, acceptor (in a semiconductor)—An impurity which may induce hole con- 
duction. ir : 

Impurity (chemical)—An atom within a crystal which is foreign to the crystal, 

Impurity, donor (in a semiconductor)—An impurity which may induce electronic 
conduction. 

Impurity, stoichiometric—A crystalline imperfection arising from a deviation from 
stoichiometric composition, 
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Intrinsic properties (of a semiconductor )—The properties of a semiconductor which 
are characteristic of the pure, ideal crystal. 

Intrinsic temperature range (in a semiconductor)—The temperature range in which 
the electrical properties of a semiconductor are essentially not modified by 
impurities or imperfections within the crystal. 

Junction (in a semiconductor device)—A region of transition between semiconducting 
regions of different electrical properties. 

Junction, alloy (in a semiconductor)—A junction formed by alloying one or more 

'_ impurities to a semiconductor crystal. 

Junction, collector (of a semiconductor device)—A junction normally biased in the 
high-resistance direction, the current through which can be controlled by the 
introduction of minority carriers. 

Junction, emitter (of a semiconductor device)—A junction normally biased in the 
low-resistance direction to inject minority carriers into an interelectrode region. 

Junction, fused (in a semiconductor)—A junction formed by recrystallization on a 
base crystal from a liquid phase of one or more components and the semicon- 
ductor. 

Junction, n-n (in a semiconductor)—A region of transition between two regions 
having different properties in n-type semiconducting material. 

Junction, p-n (in a semiconductor)—A region of transition between p- and n-type 
semiconducting material. 

Junction, p-p (in a semiconductor)—A region of transition between two regions 
having different properties in p-type semiconducting material. 

Junction (semiconductor), diffused—A junction which has been formed by the 
diffusion of an impurity within a semiconductor crystal. 

Junction (semiconductor), doped—A junction produced by the addition of an impurity 
to the melt during crystal growth. 

Junction (semiconductor), grown—A junction produced during growth of a crystal 
from a melt. 

Junction (semiconductor), rate-grown—A grown junction produced by varying the 
rate of crystal growth. 

Lifetime, volume—The average time interval between the generation and recom- 
bination of minority carriers in a homogeneous semiconductor, 

Majority carrier (in a semiconductor)—The type of carrier constituting more than 
half of the total number of carriers. 

Minority carrier (in a semiconductor)—The type of carrier constituting less than half 
of the total number of carriers. 

Mobility—See Drift mobility. 

Mobility, Hall (of an electrical conductor)—The quantity wz in the relation Ma = Ro, 
where R = Hail constant and ¢ = conductivity: 

Ohmic contact—A contact between two materials, possessing the property that 
the potential difference across it is proportional to the current passing through. 

Photovaristor—A varistor in which the current-voltage relation may be modified 
by illumination, e.g., cadmium sulphide or lead telluride. 

Point contact—Pressure contact between a semiconductor body and a metallic 
point. 

Primary flow (of carriers)—A current flow which is responsible for the major prop- 
erties of the device, 

Recombination rate, surface—The time rate at which free electrons and holes re- 
combine at the surface of a semiconductor, 

Recombination rate, volume—The time rate at which free electrons and holes re- 
combine within the volume of a semiconductor, 

Recombination velocity (on a semiconductor surface)-Tho quotient of the normal 
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component of the electron (hole) current density at the surface by the excess 
electron (hole) charge density at the surface. 

Semiconductor—An electronic conductor, with resistivity in the range between 
metals and insulators, in which the electrical charge carrier concentration in- 
creases with increasing temperature over some temperature range. Certain 
semiconductors possess two types of carriers, namely, negative electrons and 
positive holes. 

Semiconductor, compensated—A semiconductor in which one type of impurity or 
imperfection (e.g., donor) partially cancels the electrical effects of the other type 
of impurity or imperfection (e.g., acceptor). 

Semiconductor device—An electron device in which the characteristic distinguishing 
electronic conduction takes place within a semiconductor. 

Semiconductor device, multiple unit—A semiconductor device having two or more 
sets of electrodes associated with independent carrier streams. Notes: It is im- 


plied that the device has two or more output functions which are independently 


derived from separate inputs, e.g., a duo-triode transistor. 

Semiconductor device, single unit—A semiconductor device having one set of elec- 
trodes associated with a single carrier stream. Norz: It is implied that the device 
has a single output function related to a single input. 

Semiconductor, extrinsic—A semiconductor with electrical properties dependent 
upon impurities. 

Semiconductor, intrinsic—A semiconductor whose electrical properties are essen- 
tially characteristic of the pure, ideal crystal. 

Semiconductor, n-type—An extrinsic semiconductor in which the conduction electron 
density exceeds the hole density. Note: It is implied that the net ionized im- 
purity concentration is donor type. 

Semiconductor, p-type—An extrinsic semiconductor in which the hole density exceeds 
the conduction electron density. Nore: It is implied that the net ionized impurity 
concentration is acceptor type. 

Space charge region (pertaining to semiconductor)—A region in which the net charge 
density is significantly different from zero. See also Depletion layer. 

Thermistor—An electron device which makes use of the change of resistivity of a 
semiconductor with change in temperature. 

Transistor—An active semiconductor device with three or more electrodes. 

Transistor, conductivity modulation—A transistor in which the active properties are 
derived from minority carrier modulation of the bulk resistivity of a semicon- 
ductor. 

Transistor, filamentary—A conductivity modulation transistor with a length much 
greater than its transverse dimensions. 

Transistor, junction—A transistor having a base electrode and two or more junction 
electrodes. 


Transistor, point-contact—A transistor having a base electrode and two or more 


point-contact electrodes. 

Transistor, point-junction—A. transistor having a base electrode and both point- 
contact and junction electrodes. 

Transistor, unipolar—A transistor which utilizes charge carriers of only one polarity, 

Transition region—The region, between two homogeneous semiconductor regions, 
in which the impurity concentration changes. 

Valence band—The range of energy states in the spectrum of a solid crystal in which 
lie the energies of the valence electrons which bind the crystal together. 

Varistor—A two-electrode semiconductor device having a voltage-dependent non« 
linear resistance, 
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Zone leveling (pertaining to semiconductor processing)—The passage of one or more 
molten zones along a semiconductor body for the purpose of uniformly distri- 
buting impurities throughout the material. 

Zone purification (pertaining to semiconductor processing)—The passage of one or 
more molten zones along a semiconductor for the purpose of reducing the im- 
purity concentration of part of the ingot. 


Appendix. IT 


IRE STANDARDS ON LETTER SYMBOLS 
FOR SEMICONDUCTOR DEVICES, 1956 * 


INTRODUCTION 


These Standards are supplementary to the JRE Standards on Abbreviations, . 


Graphical Symbols, Letter Symbols, and Mathematical Signs—1948, Section I ; The 
usage conforms to Section 101, General Principles of Letter Symbol Standardization. 
This Standard provides a uniform system of letter symbols for electrical quantities 
and parameters as applied to semiconductor devices in the same way that Section 
102 provides symbols for electron tubes. The Standard has been divided into 
three sections: 


(1) Electrical quantities, dealing primarily with voltage, current, and time 
quantities. 

(2) Electrical parameters, dealing with the relationship between specific elec- 
trical quantities. 

(3) List of letter symbols in alphabetical order. 


Electrical quantities at the device terminals are defined in Section 1. The elec- 
trical parameters of Section 2 are ratios of the terminal electrical quantities; i.e., 
they are two terminal-pair open- and short-circuit ratios. Letter subscripts are 
used for these ratios throughout this Standard; numeric subscripts following the 
matrix convention may be used when convenient, especially in the analysis of 
electric circuits. 


1 ELECTRICAL QUANTITIES 


1.1 Quantity SyMBoLs. 


1.1.1 Instantaneous values of current, voltage, and power, which vary with time, 
are represented by the lower-case letter of the proper symbol. ExAMPLEs! 


t, v, he; VEB 


1.1.2 Maximum, average (d-c), and root-mean-square values are represented by 


the upper-case letter of the proper symbol. Exampuss: J, V, I., Veg 


1.2 Susscriprs ror QUANTITY SYMBOLS. 

1.2.1 D-c values and instantaneous total values are indicated by upper-case sub- 
scripts. EXAMPLES: tc, Ic, Uzp, Ven, pc, Pc ; 

1.2.2 Varying component values are indicated by lower-case subscripts. EXAMPLHS! 
vas 1s Veby Viebs Pey P, : 

1.2.3 If necessary to distinguish between maximum, average, or root-mean-square 
values, maximum or average values may be represented by the addition of 
a subscript m or av. EXAMPLES! tom, Tom, Lear, Zoavy toav 


* Originally published in Proe, JRE, Vol, 44, July 1956, 
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1.2.4 Abbreviations to be used as subscripts. (For example, see Fig. A-1 and 
Basic Symbols Chart, 1.2.5.) 


E, e = emitter electrode C, ¢ = collector electrode 
B, b = base electrode J, j = electrode, general 
X, x = circuit node 
M, m = maximum value 
AV, av = average value 
Q = average (d-c) value with signal applied 


NO SIGNAL 
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Fie. A-1 Illustration of proper symbol usage. 


1.2.5 Basic Symbols Chart 


eeeeeeeeeSFSsSeeeeSsSsS 





SyMBois 
t, 0, p IV,P 
e 
6 Instantaneous varying RMS or effective varying 
¢ component value component value 


J ‘ 
faerie | 


E 
z Instantaneous total value Average (d-c) value 
J 
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1.3 Tue Susscriet SequENcE Conrorms To THE MATHEMATICAL CONVENTION 
FoR Writinc DrTERMINANTS FROM A Set oF FUNDAMENTAL KIRCHHOFF’S 
EQuatTIONS. 

1.3.1 The first subscript designates the electrode at which the current is measured, 
or where the electrode potential is measured with respect to the reference 
electrode, or circuit node, designated by the second subscript. (Conven- 
tional current flow into the electrode from the external circuit is positive.) 
When the reference electrode or circuit node is understood, the second sub- 
script may be omitted, where its use is not required to preserve the meaning 
of the symbol. 

1.3.2 Supply voltage may be indicated by repeating the electrode subscript. The 
reference electrode may then be designated by the third subscript. Exam- 
pies: Vaz, Vcc, Ves, Vezs, Voce, Vase. 


1.3.3 In devices having more than one electrode of the same type, the electrode | 


subscripts are modified by adding a number following the subscript and 
on the same line. Exampie: B2 
In multiple unit devices the electrode subscripts are modified by a number 
preceding the electrode subscript. ExampuE: 2B 
Wherever ambiguity might arsie the complete electrode designations are 
separated by hyphens or commas. EXAMPLE: ViC1-2C1 

1.3.4 When necessary to distinguish between components of current or voltage, 
the symbols may be used as shown in Fig. A-1. The illustration shows a 
case where a small varying component is developed in the collector circuit 
of a transistor. 


2 ELECTRICAL PARAMETERS 


2.1 PARAMETER SYMBOLS. 

2.1.1 Values of four-pole matrix parameters, or other resistances, impedances, 
admittances, etc., inherent in the device, may be represented by the lower- 
case symbol with the proper subscripts. EXAMPLES: hjp, 276, Yor, sb, hrs, OB 

2.1.2 Values of four-pole matrix parameters or other resistances, impedances, 
admittances, etc., in the external circuits, may be represented by the upper- 
case symbols with the appropriate subscripts. 


2.2 SupBscripts FOR PARAMETER SYMBOLS. 
2.2.1 Static * values of parameters are indicated by the upper-case subscript. 
EXAMPLES: rg, hrp, are 
2.2.2 Small-signal values of parameters are indicated by the lower-case subscript. 
EXAMPLES: 1b, Ye, ib, Zob, fb 
2.2.3 The first subscript or subscript pair in matrix notation, identifies the ele- 
ment of the four-pole matrix. 
tor 11 = input 
o or 22 = output 
f or 21 = forward transfer 
r or 12 = reverse transfer 
Examp.ies: V; = Aili + ArVo Vi = Auli + hieVe2 
I, = hy + hoVo Iq = haiti + hooV2 
Nore: Voltage and current symbols in matrix notation are designated with 
a single-digit subscript. The subscript 1 = input. The subscript 2 = oute 
put. 





* The static value is the slope of the line from the origin to the operating point on the 


appropriate charactoriatic curve, 
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2.2.4 The second subscript or the subscript following the numeric pair identifies 
the circuit configuration. When the common electrode is understood, the 
second subscript may be omitted. 


eé = common emitter 
b = common base 


¢ = common collector 
j = common electrode, general 


EXAMPLEs (common base): 

T= ysViot yo 11 = yiwVin + y10V 25 

I, = ypoVin + YooVoo = Ta = yous Vin + YorsV nn 

2.2.5 Electrical parameters characterizing the behavior of a device with associated 

circuitry are designated by upper-case symbols with an appropriate sub- 
script; e.g., Zi, Zo. The termination may be indicated by an additional 
subscript such as: o = a-c open circuit termination; s = a-c short-circuit 
termination; a or other appropriate subscript for other terminations. This 
additional subscript may be omitted. Exampums: Z;., Zis, Zia, Zi match 


3 LETTER SYMBOLS IN ALPHABETICAL ORDER 


The following list has been compiled according to the conventions set forth in 
Sections 1 and 2 of this Standard. 

In general, the first symbol given for each electrical quantity or parameter illus- 
trates the basic symbol with the subscript which designates the reference electrode 
or common electrode (see Sections 1.3.1 and 2.2.5). The transfer ratio of the 
current generator shunting the collector branch low-frequency equivalent circuit 
is shown in Fig. A-2. 


le al I jeglb 
— oo gb TD ¥ON 
E Te Te c B To (1-a) c 
TH Te 
B E 
(a) (b) 
Fie. A-2 Low-frequency T equivalent circuit: (a) base common, (b) emitter 
common. 


Gr, om. arc, &rr—The static value of the short-circuit forward-current transfer 
ratio. 

Qs, Afb, Ofc, &fe—The small-signal short-circuit forward-current transfer ratio.* 

ar, oat, arc, ¢re—The static value of the short-circuit reverse-current transfer 
ratio. 

Qr, Arb, Arey &re—The small-signal short-circuit reverse-current transfer ratio.* 

Co, Cas,-Coo, Coe—The capacitance measured across the output terminals with the 
input open-circuited to alternating current. , 

So, far, fac) fac—The frequency at which the magnitude of the small-signal short- 
circuit forward-current transfer ratio is 0.707 of the low-frequency value. 


*'The algobraio sign of « for the common base configuration is tak 
acoordance with oatablished usage, therefore ayy, «= oe ies eeecomiae is 
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hr, hrp, hrc, hrz—The static value of the short-circuit forward-current transfer 
ratio. 

hy, hyp, hype, hye, her, her, hate, hore—The small-signal short-circuit forward-current 
transfer ratio. 

ht, hre, hrc, hrz—The static value of the short-circuit input resistance. 

hi, hiv, hie, hie, hir, hi, hite, hire—The small-signal value of the short-circuit input 
impedance. 

ho, hos, hoc, hoz—The static value of the open-circuit output conductance. 

ho, hob Roc, hoe, hae, hoe, hore, hoxe—The small-signal value of the open-circuit output 
admittance. 

hr, hrs, hrc, hrz—The static value of the open-circuit reverse-voltage transfer 
ratio. 

Ny, heby heey heey hiz, hire, hie, hige—The small-signal value of the open-circuit reverse- 
voltage transfer ratio. 

Izo, Izzo, Izco—The base current when the base is biased in the reverse (high- 
resistance) direction with respect to the reference electrode, and the other elec- 
trode(s) is d-c open-circuited (to the reference electrode). 

Ins, Ines, Incs—The base current when the base is biased in the reverse (high- 
resistance) direction with respect to the reference electrode, and the other elec- 
trode(s) is d-c short-circuited (to the reference electrode). 

Ico, Iczo, Iczo—The collector current when the collector is biased in the reverse 
(high-resistance) direction with respect to the reference electrode, and the other 
electrode(s) is d-c open-circuited (to the reference electrode). 

Ics, Iczs, Icgs—The collector current when the collector is biased in the reverse 
(high-resistance) direction with respect to the reference electrode, and the other 
electrode(s) is d-c short-circuited (to the reference electrode). 

Izo0, Izzo, Izco—The emitter current when the emitter is biased in the reverse 
(high-resistance) direction with respect to the reference electrode, and the other 
electrode(s) is d-c open-circuited (to the reference electrode). 

Ins, Ings, Izcs—The emitter current when the emitter is biased in the reverse 
(high-resistance) direction with respect to the reference electrode, and the other 
electrode(s) is d-c short-circuited (to the reference electrode). 

r>—Resistance of the base branch of the low-frequency equivalent circuit shown 
in Fig. A-2. 

re-—Resistance of the collector branch of the low-frequency equivalent circuit 
shown in Fig. A-2. 


r-—Resistance of the emitter branch of the low-frequency equivalent circuit shown— « 


in Fig. A-2. 

m—The product of a and r, of the low-frequency equivalent circuit shown in 
Fig. A-2. 

ta—The ohmic delay time is the time interval between the rise of a pulse applied 
at the input terminals and the rise of the minority-carrier-generated pulse ap- 
pearing at the output terminals. 

t,—The storage time is the time interval between the fall of a pulse applied to the 
input terminals and the fall of the carrier-generated pulse at the output terminals, 

Ver, Venr, Vur, Vesr, Vour, Vecr, Var, Varr, Vacr—The d-c open-circuit 
voltage (floating potential) between the electrode indicated by the first subscript 
and the reference electrode when the other electrode is biased in the reverse 
(high-resistance) direction with respect to the reference electrode, 

BV co, BV cro, BV cro, BV no, BV rno, BV xeo, BV no, BV pro, BVnco—The break- 
down voltage between the electrode indicated by the first subscript when it is 
biased in the reverse (high-resistance) direction with respect to the reference 
electrode and the other electrode is openecirouited, 
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Hy; Byb, bye, Mte—The small-signal open-circuit forward-voltage transfer ratio. 

Hr; rb Urey Mre—The small-signal open-circuit reverse-voltage transfer ratio. 

HF, LB, Lec, Kre—The static value of the open-circuit forward-voltage transfer 
ratio. 

HR, URB, MRC, trE—The static value of the open-circuit reverse-voltage transfer 
ratio. 

Yss Yio» Yier Uses Y21, Y21b, Yate, Y2ie—The small-signal short-circuit forward transfer 
admittance. 

Yir Yiby Yier Yier Y11, Y11b, Yi110e) Y1te—The small-signal short-circuit input admittance. 

Yor Yobs Yor, Yor, Y22, Y22b, Y22c, Y22e—The small-signal short-circuit output admittance. 

Yry Yrb» Yres Yres Y12, Yi2b, Y120, Y12e—The small-signal short-circuit reverse transfer 
admittance. 

®f) 2fb Zio, 2fbo, &21, 221b, Z21ce, Z21bee—The small-signal open-circuit forward transfer 
impedance. 

Bi, 2iby Zio, Zibo, 211, 211b, Z11ce, 211bcee—The small-signal open-circuit input impedance. 

70; 2ob; Zoo; Zobo, 222, 222b, 222ce, 222bce—T he small-signal open-circuit output impedance. 

2ry @rby Zroy Zrboy 212, 212b, Z12ce, 212bce—The small-signal open-circuit reverse transfer 
impedance. 

2fs) 2fbs, 2fcs, 2¢ee—The small-signal short-circuit forward transfer impedance (the 
reciprocal of yy). 

2is, 2ibs, Zics, Zies—The small-signal short-circuit input impedance. 

20a) Zobs, Zoce, 20es—The small-signal short-circuit output impedance. 

2rs) Zrbs, Zres, 2res—The small-signal short-circuit reverse transfer impedance (the 
reciprocal of y,). 
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transistor fabrication 
germanium, 278-279 6 , # 
silicon, 289 >t, 
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alloying data, 181 ‘ 
cleaning, 182 AT 
diffusion data, 86-89 
plating data 
germanium, 170 
Atmospheres 
alloying, 165 
preforming, 166 
reliability effects, 214-216 


Barium titanate junction formation, 
measurement, 84 
Barrier (Semiconductor), see under 
Depletion layer 
Base contacts 
alloying preparation, 222 
definition, 177 
diffusion technique 
silicon, 290 
Base electrodes, definition, 177 
Base leads, definition, 177 
Base resistance, 211 
diffused transistor 
silicon, 300-301 
Base terminals, definition, 177 
Bismuth 
diffusion data, 86-88 
plating data 
germanium, 170 
Boron 
diffusion data, 86-88 
silicon ’ 
diffusion, 90-99, 266-267 
“avalanche” diodes, 265-276 
Breakdown voltages, 205206 
diodes 
silicon, 270-275 
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CapMIvM, plating data 
germanium, 170 
Characterization (Electrical), see sub- 
entry Characteristics under 
Semiconductor devices, and un- 
der names of specific devices 
Chromium, plating data 
germanium, 170 
Cobalt 
diffusion data, 86 
plating 
electroless, 173-174 
germanium, 170 
Collector contacts, definition, 177 
Collector electrodes, definition, 177 
Collector leads, definition, 177 
Collector terminals, definition, 177 
Conductivity modulation, _ rectifiers, 
diffused p-n junction 
silicon, 249-253 
Contacts, see also under Electrodes 
definitions, 177 
non-rectifying, see under next sub- 
entry 
ohmic, 163-174 
alloying, 164-165, 222 
diffusion fabrication, 289 
displacement plating, 172-173 
electroless plating, 173-174 
liquid metal, 169-172 
preforming, 165-166 
suspension conductor, 167-168 
vapor coating, 166-167 
Contamination control, 108-110, 216 
see also under Etching and under 
Surface contaminants 
Koontz method, 108 
tests 
low conductivity water, 109-110 
mica spot, 105 
water and ultrasonics, 108 
Copper 
diffusion data, 86 
plating 
displacement, 172-173 
germanium data, 170 
Coring in equilibrium freezing, 7 
“Crow tracks,” 188 
Crystals, impurity control, see under 
Etching; semiconductors 
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DEPLETION layer (Semiconductor) 
p-n formation 
electrochemical, 146-151 
remelt with additions, 47-50 
slice, 50 
spot, 49-50 
simple remelt, 45-47 
concentration gradient, 47 
conditions existent, 45-46 
electrochemical conductivities, 
46-47 
location, 47 
p-n properties 
capacitance, 206 
frequency cutoff, 208 
Diffusion 
double diffused transistors, 296-305 
impurity control 
liquid and solid phases, 23-24 
alloy process, 24 
gettering, 24-25 
solid and solid phases, 26-27 
vapor and solid phases, 25-26 
junction formation, 64-99 
silicon, 90-99 
transistors, 276-286 
germanium, 276-286 
silicon, 287-305 
Dimpling while shaping, 142 
Diodes (Semiconductor), see also un- 
der Rectifiers (Semiconductor) 
p-n junction 
design theory, 228-230 
silicon 
alloying, 221 
characteristics, 220, 224-228 
diffused, 267-275 
breakdown voltages, 270-275 
characteristics, 271-276 
design theory, 268 
temperatures, 267-268 
theory, 222 
Dislocation density 
determination, 187 
effects, 187 
Displacement plating, 172-173 
Donors (impurity) 
diffusion data, 86-89 
phosphate glass, 168 
Doping 
diffusion techniques, 78 
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Doping (continued) 
element fabrication, 177-180 
impurity control, 10 
materials list, 106 


EFFEcTIVE distribution coefficient, . 33- 
34 
antimony in germanium, 37 
boron in germanium, 37 
gallium in germanium, 37 
Electrodes, definitions, 177 
see also under Contacts 
Electroless plating, 173-174 
Electrolytic etching, 127-132 
advantages, 129-132 
apparatus, 128-129 
jet, 149-151 
Electrolytic shaping, 133-146 
electrolytes, 144-146 
injected carriers, 141-142 
dimpling, 142 
ohmic conduction control, 143 
localization techniques, 134 
Electron tubes, reliability, 390-392 
Emitter contacts, definition, 177 
Emitter electrodes, definition, 177 
Emitter leads, definition, 177 
Emitter terminals, definition, 177 
Engraving, see under Etching and un- 
der Photoengraving 
Equilibrium freezing, see under Freez- 
ing (Impurity control) 
Etching, 114-115, 191-198 
see also under Photoengraving and 
under Surface contaminants 
drying, 198-199 
electrochemical, 146-150 
electrolytic stream, 127-132 
etch-pit geometry, 150 
final, 191-192 
germanium, 127-132 
jet, 147-150 
photoengraving, 150-151 
photoengraving formula, 158 
pits, 139-141 
pre-attachment, 191 
surface damage, 191-197 
surface treatment, 150-151 
techniques list, 107 
washing, 197-198 
Evaporation alloying 
silicon, 281244 
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Evaporation alloying, silicon (contin- 
ued) 
alloying, 237 
evaporation, 236-237 
jig preparation, 234-235 
metal preparation, 232 
pump down, 235-236 
results, 238-244 
silicon preparation, 233-234 
temperatures, 239-244 


Fick laws, p-n junction formation, 66- 


Film, photoengraving, Reprolith, 161 
Freezing (Impurity control) 
diffusion limited, 16-21 
equilibrium, 7-8 
melt-quench process, 21 
rate-growing, 20 
remelt zone, 35-41, 53-54 
simple, 8-16 
zone leveling, 22-23 
zone refining, 21-22 
Furnaces 
alloying, 184 
atmosphere, 165 
temperature, 165, 182-183 
time, 165, 184-186 
junction formation, diffusion tech- 
niques, 83-84 
silicon diffusion, 90-92 
suspension contact temperature, 167- 
168 
vapor coating temperature, 167 


GALLIUM 
alloying data, 181 
cleaning, 182 
contacts, liquid metal process, 169 
diffusion data, 86-89 
Gaseous diffusion, see under Diffusion 
Germanium 
phase diagrams 
indium, 180 
lead, 180 
semiconductors 
alloying, 164-165, 170, 175-198 
depletion layer properties, 134-139 
diffused devices, 276-287 
characteristics, 277-281 
transit time, 281-286 
diffiwion data, 8680 
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Germanium, semiconductors, diffusion 
data (continued) 
electrolytic shaping, 133-146 
electrolytic stream, 127-132 
electrochemical behavior, 117-127 
current characteristics, 120-121 
oscillographic studies, 122-123 
etching, 114-115 
electrolytes, 144 
jet etching, 147-151 
impurity control 
liquid and solid phases, 4-25 
solid and solid phases, 26-27 
vapor and solid phases, 25-26 
photoengraving, 153-162 
photoengraving formula, 158 
plating metals, 170 
temperature sensitivity, 378 
Glossary, semiconductor 
symbols, I.R.E. standards, 398-403 
terms, I.R.E. standards, 393-397 
Gold 
alloying, 164 
chemiplating, 111-114 
displacement process, 172-173 
electroless, 173-174 
germanium data, 170 
silicon, 172-173 
diffusion data, 86 
evaporation alloying, 231-233 
phase diagram 
silicon, 233 
preforming, 166 
transistor fabrication 
germanium, 278-279 
silicon, 289 
vapor coating, 167 
Graphite 
alloying jig, 164-165 
suspension contact, 167 


Hatt effect, lifetime measurements, 319 
Harrick infrared-absorption, lifetime 
measurements, 318 

Hydrochloric acid 

etching electrolyte, 144 

indium cleaner, 182 
Hydrofluoric acid 

displacement plating, 172 

etching electrolyte, 145 

liquid metal process, 171 
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Hydrogen 
alloying atmosphere, 165 
preforming atmosphere, 166 
Hydrogen peroxide etchant, 179 


LRE. 
symbol standards, 398-403 
terminology standards, 393-397 
test standards, 335-373 
Impurity control, see also under Etch- 
ing 
semiconductors, diffusion technique 
germanium, 276 
silicon, 266-267, 287 
Indium 
alloying data, 181 
cleaning, 182 
contacts, liquid metal process, 169 
diffusion data, 86-89 
jet etching, 149-151 
phase diagram 
germanium, 170 
plating 
germanium, 170 
sulfate etching electrolyte, 144 
Injected carriers, 310 
Institute of Radio Engineers 
symbol standards, 398-403 
terminology standards, 393-397 
test standards, 335-373 
Iron diffusion data, 86 


Junctions (Semiconductor), p-n 
breakdown voltages, 205-206 
characteristics, 204-211, 279-281 
diodes 

silicon, 220-242 
alloying, 221, 237 
characteristics, 220, 224-228 
design theory, 228-230 
electrical properties, damage 
removal, 133 
formation 
diffusion, 64-80, 245-276 
binary systems, 73-75 
bilateral, 74-75 
unilateral, 73-74 
multicomponent systems, 75-80 
distribution integration, 78-79 
penetration curve, 78 
practical aspects, 79-80 
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Junctions (Semiconductor), formation, 
diffusion, multicomponent 
systems (continued) 
principles, 75-77 
silicon junctions, 76 
theory, 77-78 
principles, 65-72 
constant surface concentra- 
tion, 67 
instantaneous plane source, 70 
rate limitation, 69-70 
reaction medium diffusion, 67- 
69 
temperature effects, 70-72 
time-dependent surface con- 
centration, 70 
vapor source, 69-70 
techniques applied, 80-85 
furnaces, 83-84 
junction measurement, 84-85 
procedures, 81-82 
source materials, 80-81 
surface preparation, 82-83 
temperature control, 83-84 
molten zone solidification, 43-50 
rate-growing, 35-41, 53-54 
shaping, 133-146 
theory, 222 


Kovar 
alloying, 164 
diffusion fabrication silicon, 289-290 
preforming, 166 


Leap 
alloying, 164-165 
cleaning, 182 
diffusion data, 86-89 
phase diagram 
germanium, 180 
plating 
germanium, 170 
vapor coating, 167 
Leads, definition, 177 
Lever law in equilibrium freezing, 7 
Lifetime measurement methods, 310- 
324 
see also under Reliability 
AC photoconductance, 311 
bombardment-conductivity-decay, 
316 
diffusion length, 816-310 
drift, $1131 
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Lifetime measurement methods (con« 
tinued) 
flying-light-spot, 318 
Harrick infrared-absorption, 318 
magnetic rectifier effects, 311 
Many bridge, 314-316 
photoconductivity-decay, 313 
photomagnetoelectric (PME), 319 
relative amplitude, 311 
steady-state photoconductance, 311, 
316, 318-319 
Suhl effects, 311 
Lithium diffusion data, 86 


Magsority carriers, 310 
Manganese diffusion data, 86 
Many bridge, lifetime measurement, 
314-316 
Masking, electrolytic shaping, 134 
Mercury contacts, liquid metal process, 
169 
Metrology, semiconductor devices, 325- 
373 
see also subentry Characteristics un- 
der Semiconductor devices, and 
under names of specific devices 
L.R.E. standards, 335-373 
lifetime, 310-324 
noise measurement, 371-372 
reliability, 377-392 
surface recombination velocity, 310- 
324 
transistors, 325-373 
environmental tests, 368-371 
aging, 382-386 
humidity, 370-371 
mechanical, 369-370 
radiation, 371 
temperature, 382-386 
field experience, 388 
parameter conversion table, 310 
Minority carriers, 310 
Molybdenum 
alloying, 164-165 
preforming, 166 
vapor coating, 167 


NICKEL 
diffusion data, 86 
plating data 
clectrolows, 1736174 
germanium, 170 
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Nickel, plating data (continued) 
silicon, 171 
Nitric acid indium cleaner, 182 


OHMIC contacts, 163-174 
alloying, 164-165 
displacement plating, 172-173 
electroless plating, 173-174 
liquid metal, 169 
plating elements, 170-172 
preforming, 165-166 
suspension conductor, 167-168 
vapor coating, 166-167 

Ovens, see under Furnaces 


PME errxcr, lifetime measurements, 
819-322 
p-n-p transistors, see under Transistors, 
p-n junctions 
Parameters 
conversion table, 363 
measurement, 345-368 
relations, 364-365 
symbols, 400-401 
Phase diagrams 
germanium 
indium, 180 
lead, 180 
silicon 
aluminum, 232 
gold, 232 
Phosphorus 
diffusion data, 86-88 
silicon 
“avalanche” diodes, 265-276 
dif:usion, 90-99, 266-267 
Photoengraving, transistor fabrication 
151-162 
see also under Etching 
etching, 158-161 
photo resist 
processing, 156-158 
removal, 160-161 
specimen preparation, 153-155 
stencil preparation, 161 
Plating 
chemiplating, 111-114 
control, 113 
germanium, 170 
jet, 149-151 
displacement, 172-173 


> 
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Plating (continued) 
electroless, 173-174 
electroplating, 110-111 
liquid metal, 169-172 
techniques list, 107 

Platinum plating data 
germanium, 170 

Potassium hydroxide etching electro- 

lyte, 144, 192 

Preforming 
atmosphere, 166 
contacts, 165-166 


RaTE-GROWING 
acceptor-donor concentration, 36-40 
meltback, 40-41, 53 
methods, 40-41 
principles, 35-36 
stirring modulation, 41-42 
Rectification 
efficiency, 260 
ideal, 246-247 
measuring circuit, 259 
reduction methods 
contact placement, 163 
sandblast, 163 
Rectifiers (Semiconductors) 
see also under Diodes (Semiconduc- 
tors) 
plating metals, 170 
silicon, 245-265 
diffused p-n junctions, 245-265 
characteristics, 250-260 
design, 260-262 
reliability, 262-264 
fabrication, 253-254 
masking, 94-95 
precoating, 95-96 
predisposition, 95 
solid diffusion method, 90-99 
Reliability, 212-220 
aging effects, 381-386 
atmospheres, 214-216 
electron tubes, 390 
rectifiers, diffused p-n junction, 262- 
264 
requirements, 391 
shock effects, 380 
surface effects, 213-214 
temperature effects, 377-380 
transistors, 874-892 
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Reliability, transistors (continued) 
definition, 377 
field experiences, 388-392 
Remelt process (Impurity control) 
general, 11-12 
rapid freezing, 53-54 
Reprolith film, 161 
Rhodium plating 
germanium data, 170 
silicon, 172 


Scripe and break technique, element 
fabrication, 178 
Segregation in equilibrium freezing, 7 
Semiconductor devices 
see also under Diodes (Semiconduc- 
tor), Rectifiers (Semiconductor) 
and under Transistors 
characteristics, 204-211 
base resistance, 211 
capacitance, 204-206 
electrode voltage tests, 340 
emitter potential, 210 
environmental tests, 368-371 
humidity, 370-371 
mechanical, 369-370 
radiation, 371 
temperature, 369 
frequency cutoff, 208-209 
LR.E. standard tests, 335-373 
lifetime measurement, 310-324 
load tests, 340 
noise measurement, 371-372 
point-by-point test, 338-340 
reach-through, 209 
signals, small, 341-368 
circuit open test, 344 
circuit-short test, 344 
finite termination, 345 
parameter measurement, 345- 
368 
visual display, 360 
surface recombination 
velocity, 310-324 
design, 201~204 
fabrication, 102-201 
alloying, 164-165 
chemical processes, 102=115 
contacts 
ohmic, 168174 
plating metals, 170 
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Semiconductor devices, fabrication 
(continued) 
electrochemical techniques, 146- 
151 
element mounting, 199-200 
encapsulation, 200-201 
etching, 114-115 
electrolytic stream, 127-132 
jet, 147-149 
material selection, 104-106 
photoengraving, 151-162 
plating, 107-114, 149 
preforming, 165-166 
shaping, electrolytic, 133-146 
vapor coating, 166-167 
reliability, 212-220 
atmospheres, 214-216 
diffused p-n junction, 262-264 
surface effects, 213-214 
Semiconductors 
impurity control, 3-42 
see also under Etching 
homogeneous solid phase, 27 
liquid and solid phases, 4-25 
diffusion techniques, 23-25, 266- 
267 
freezing techniques, 7-23 
rate-growing, 20, 35-42 
solid and solid phases, 26-27 
vapor and solid phases, 25-26 
materials, 178-182 
Silicon 
phase diagram 
aluminum, 231 
rectifiers 
characteristics, 250-260 
diffused p-n junction, 245-265 
semiconductors 
alloying, 164-165, 221-244 
hydride process, 165 
preform process, 165 
vapor coating, 166-167 
diffusion data, 86-89 
diffusion technology, 90-99 
deposition of diffusants, 93 
diffused layer measurement, 92- 
93 
furnaces, 90-92 
Opposing surfaces, 94-96 
processing operations, 96-99 
raw materials, 02 
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Silicon, semiconductors (continued) 
diodes, 220-244, 267-276 
alloying, 221-244 
characteristics, 220, 224-228 
271-276 
design theory, 228-230 
electrolytic shaping, 133 
etching, 114-115 
etching electrolytes, 145 
impurity control 
liquid and solid phases, 4~25 
solid and solid phases, 26-27 
vapor and solid phases, 25-26 
photoengraving, 151-162 
photoengraving etchant, 158 
plating 
gold, 111-114 
silicon, 170-172 
Silver 
alloying, 164-165 
plating data 
germanium, 170 
suspension contact, 167 
Sodium chloride etchant, 144 
Sodium hydroxide etchant, 192 
Soldering, 106 
Solid diffusion 
silicon, 90-99 
Solid phase diffusion, impurity control, 
23-25 
Suhl effect, lifetime measurement, 311 
Sulfur diffusion data, 89 
Sulfuric acid etchant, 144 
Surface contaminants 
see also under Reliability 
acids, 105 
bases, 105 
control techniques 
see under Contamination control 
etchant, 105 
see also under Etching 
gas, 106 
graphite, 105 
lubricants, 105 
solvents, 105 
test, 105 
tools, 105-106 
water, 105-106 
Surface recombination velocity meas- 
urement 
methods, 310-324 
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Surface recombination velocity meas- 
urement, methods (continued) 
AC photoconductance, 311 
bombardment-conductivity-decay, 
316 
diffusion length, 316-319 
drift, 311-313 
flying-light-spot, 318 
Harrick infrared-absorption, 318 
magnetic rectifier effects, 311 
Many bridge, 314-316 
photoconductivity-decay, 313 
photomagnetoelectric (PME), 319 
relative amplitude, 311 
steady-state photoconductance, 311, 
316, 318-319 
Suhl effects, 311 
Symbols 
admittance, 362 
impedance, 362 
semiconductor, 337, 398-403 


TANTALUM alloying, 164 
Tellurium 
diffusion data, 89 
plating data 
germanium, 170 
Temperature 
alloying process, 165, 182-183 
diffusion 
silicon, 267-268 
evaporation 
silicon, 239-244 
liquid metal process, 169 
plating 
silicon, 171-172 
suspension contact process, 167-168 
vapor coating process, 167 
Terminals, definition, 177 
Terms, semiconductor, 393-397 
see also under Symbols 
Tests, see subentry Characteristics un- 
der Semiconductor devices, and 
also under names of specific de- 
vices 
Tin 
diffusion data, 86 
plating data 
germanium, 170 
Titanium diffusion data, 86 
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Transistors 
characteristics, 204-211 
base resistance, 211 
capacitance, 206-208 
diffused devices, 277-281 
electrode voltage test, 340 
emitter potential, 210 
environmental tests, 368-371 
humidity, 370-371 
mechanical, 369-370 
radiation, 371 
temperature, 369 
frequency cutoff, 208-209 
germanium, 277-286 
impurity control, 3-99 
load tests, 340 
noise measurement, 371-372 
parameter tests, 345-368 
point-by-point test, 338-340 
reach-through, 209 
signal 
large, 331 
small, 328-331, 341-368 
frequency high, 330-331 
frequency low, 328-329 
silicon, 220, 224-228, 292-295 
design, 201-204 
fabrication 
see also under Diffusion 
alloy processing, 175-198 
chemical processing, 102-104 
doping materials list, 106 
electrochemical techniques, 147- 
151 
etching, 114-115 
electrolytic stream, 127-132 
jet, 147-149 
internal supports list, 106 
jet plating, 149 
material selection, 104-106 
plating, 107-114 
solders list, 106 
stems, tubes, cans, ete., 106 
techniques list, 107 
tools list, 106 
contacts 
alloying, 164-165 
displacement plating, 172-173 
olectrolows plating, 173-174 
liquid metal, 160-172 


Transistors, fabrication, contacts (¢ 
tinued) 







preforming, 165-166 ’ 
SUApeNAlON Conductor, 167-168 
vapor Couting, 166-167 

diffusion techniques 


germanium, 276-286 
silicon, 287-805 
element mounting, 199-200 
encapsulation, 200-201 
photoengraving techniques, 151- 
161 
Transistors, pen junction 
alloy procewming, 175-198 
characteristics, 277-286, 292-298 
diodes 
silicon 
alloying, 221 
characteristics, 220, 224-298 
design theory, 228-230 
theory, 222 
fabrication 
germanium, 277-286 
characteristics, 279-281 
transit time, 281-286 
silicon 
characteristics, 292-295 
design principles, 295-305 
base resistance, 300-301 
base width, 299 
emitter efficiency, 300 
diffused, 288-305 
transit time, 297-298, 301 
impurity control, 3-99, 276 
reliability, 212-220, 374-392 
aging effect, 381-386 
atmospheres, 214-216 
field experience, 388-392 
shock effects, 380 
surface effects, 213-214 
temperature effects, 377-380 
Tungsten 
alloying process, 164-165 
plating 
germanium, 170 
suspension contact process, 168 


Vacuum tubes, see under Electron 
tubes 

Valves (Electric), see under Bleetron 
tubow : 
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Vapor coating, 166-167 
Voltage limiters (Semiconductor) 
silicon 
production by solid diffusion 
method, 90-99 


ZINC 
diffusion data, 86-89 
plating data 
germanium, 170 
Zirconium alloying, 165 
Zone melting, temperature-gradient, 
55-63 
applications, 39-63 
crystals, 61-62 
diffused measurement, 62 
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Zone melting, temperature-gradient, 
applications (continued) 
fabrications, 63 
joining, 62 
semiconductor devices, 59-61 
zone refining, 62-63 
molten zone movement, 56-59 
composition change, 57-58 
travel rate, 58-59 
zone length, 57 
zone shape, 59 
Zone refining, impurity control 
liquid and solid phases, 21-25 
temperature-gradient technique, 55— 
59, 62 








